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� Mode I fracture properties of Scots pine was investigated.
� The impact of RH change was analyzed on coated pine samples.
� DSV in decrease parts of load was utilized to define an onset of damage.
� Damaged specimens had higher DSV decrease and lower fracture toughness.
� Crack length in damaged specimens was observed to propagate due to DSV decrease.
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An attempt was made to investigate the Michalski’s proven fluctuation theory through the use of the frac-
ture characteristic and the energy density – dynamic surface value – of Scots pine coated with Renaissance
wax, paraloid, and tar. The slices were acclimatized in a climate chamber with an abrupt drop of relative
humidity from 80% to 30% while being monitored by acoustic emission. During this period, macro-cracks
were formed in the slices coated with the paraloid and tar while those coated with Renaissance wax were
remained undamaged. Moreover, fracture tests along with the Finite Element Analysis (FEA) were utilized
to calculate the critical values of the stress intensity factor. Furthermore, the alternative correlation,
accounting for the effect of different specimens’ length, introduced into the ASTM E833 standard resulting
in agreeable values of fracture toughness as compared with the experimental data. Finally, the relation
between the crack propagation and the fracture toughness with the ductile (load increase) and the brittle
(load decrease) portions of the dynamic surface value (DSV) was investigated. It was observed that the
impact of the latter portion in the crack propagation of the undamaged slices was more dominant, while
the portion contributed almost the same in crack propagation of the damaged slices.

� 2021 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Renowned for its environmental benefits, wood has been a com-
mon material to use in construction. As a result of changes in the
equilibrium relative humidity (ERH) during its lifetime, wood expe-
riences variations in its water content causing the release of strain
energy and consequently creation of micro-cracks. To prevent the
damage, it is vital to monitor the cracking state at micro level for
an early and accurate prediction of macro cracking by the use of
Non-Destructive Techniques (NDT)methods, such as Acoustic Emis-
sion (AE) technique, the use of which is widely reported in the liter-
ature when a mechanical loading is present [1–10].

Berg and Gradin [11] employed the AE method to study the
dependency of laterally and longitudinally compressed wood to
temperature, moisture content, strain and loading direction,
reporting that an increase in temperature resulted in reductions
of modulus of elasticity, compression strength and the cumulated
number of AE events. Reiterer et al. [12] investigated the ductility
of softwoods and hardwoods subjected to the splitting test while
monitoring the amplitude, frequency spectra, and cumulative AE
counts. They showed the AE counts, to reach the maximum force
for softwoods, is considerably higher than those of hardwoods,
concluding that the formation of a process zone in the former com-
prises more micro-cracks compared to the latter. An investigation
by Landis and Whittaker [13] showed a good agreement between
the energy released by mode I crack propagation and the resulting
detected AE energy in wood. Through analyzing the AE features,
Ando et al. [14] suggested that due to the strength characteristics
of old and new woods, it is feasible to reuse old woods in construc-
tion. Chen et al. [15] performed AE monitoring on specimens of
hardwood and softwood subjected to static and fatigue torsional
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Nomenclature:

Af fractured area
AW normalized third degree polynomial function of crack

length
EAE acoustic emission energy
FC critical load
Fi experimental Load
KIC theoretical critical stress intensity factor
KQ provisional critical stress intensity factor
KI;i stress intensity facture
KIC;i critical stress intensity factor
aW normalized crack length

2H width of the specimen
DSV dynamic surface value – energy density
RH relative humidity
T temperature
B thickness of the specimen
a crack length
t specimen thickness
W distance between the point of applied force and the end

of the specimen
W1 total length of the specimen
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loading. While microcracks were observed on both softwoods and
hardwood during the static torsional test, the number of AE counts
in the latter was higher than the former. Moreover, in the torsional
fatigue test, the total number of AE counts was reported to be
higher than those in the static test. The AE was utilized by Ohuchi
et al. [16] to investigate the value of fracture toughness for com-
pact tension (CT) specimens at various crack systems and loading
directions. It was reported a promising result for the use of the
acoustic emission technique for the fracture process of the
Tangential-Radial (TR) specimen. Dourado and Moura [17] studied
the impact of temperature on the Mode I fracture toughness of
Pinus pinaster Ait. In their study, the fracture tests were conducted
on DCB specimens while the temperature was varied between
30 �C and 110 �C. It was observed that fracture properties of the
wood deteriorated over the 90 �C.

The use of AE technique has been prevalent among researchers
for ex-situ tests [18–22] while the utilization of this technique for
the in-situ health monitoring campaigns is scarce in literature [23–
27]. This study, therefore, aims to employ the AE technique on
Scots pine samples while their surfaces are coated with Renais-
sance wax, paraloid, and tar and investigate the influence of a
sharp drop of 50% in the value of relative humidity on their micro-
crack formations. Subsequent fracture toughness tests have been
performed to analyze the proven fluctuation concept introduced
by Michalski [28] in 1993. According to Pollack [29], the majority
of released elastic energy for a ductile material is associated with
the plastic deformation and formation of the crack, whereas for a
brittle material, it contributes to acoustic emission and crack prop-
agation. Hence, the term dynamic strain energy value (DSV) has
been further investigated here to explain the relashionship
between the energy released by the samples during the increase
and decrease portions of the applied load and their influence on
crack propagation. Finally, a third degree polynomial equation to
calculate the fracture toughness was introduced by normalizing
the crack length by the length of the tested (DCB) specimens. The
fracture toughness values have been obtained using FEA. The find-
ings of this study are beneficial and aligned with the ongoing
research within the ‘‘Symbol - Sustainable Management of heritage
Buildings in a Long-term perspective” project (2018–2021), coordi-
nated by the Norwegian University of Science and Technology
(NTNU).
2. Materials and method

2.1. Materials and testing condition

Three slices of Scots pine and two slices of Oak (not considered
in this work) have been acclimatized in an HPP-IPPplus climate
chamber (Memmert, Germany) at a constant RH of 80% and
2

temperature of 20.5 �C for a period of 18 days from 20/05/2019
to 07/06/2019, while being monitored by the AE. Following the
radial surface treatment of the slices by (i) Renaissance microcrys-
talline wax, (ii) 40% (w/v) solution of Paraloid B72 (Phase) in ace-
tone (Sigma-Aldrich, 99.9%)–CS + P40– and (iii) tar coatings at
the constant temperature of 20.5 �C, they were then subjected to
an abrupt drop of RH to 30% and kept constant at this new environ-
mental condition for the subsequent period 07/06/2019–
28/06/2019. At the same time, a fourth slice, without coating,
was kept at 50% RH for standard reference purposes (see Fig. 1).

From the four slices (i.e. 3 treated + 1 standard reference), a
total of 11 specimens were produced, among which 3 specimens
were disregarded due to the abnormal data recorded during the
AE monitoring. Typical geometry of a DCB specimen is shown in
Fig. 2. The geometry of the specimens in this study, however, varies
from the standard values [30], mainly due to the choice - during
their preparation - of maximizing their length in respect to the
dimension of the wooden log from which they came. A summary
of the geometry and notation of the specimens are listed in Table 1.

Fracture tests were conducted on the specimens using a univer-
sal testing machine-UTM (MTS producer), securing the samples
utilizing specially created grippers with a constant displacement
rate of 1.5 mm/min. Synchronized with the UTM, an F504B Stin-
gray digital camera with a rate of 5 frames/s was used to analyse
the crack length values. A thorough account of the experimental
procedure is provided in ref. [31].

The three simultaneous techniques allowed to detect the energy
released by the fracture over the fractured area, defined in [32] as
Dynamic Surface Energy Value (DSV) defined as:

DSVi ¼ RDEAE

RAf
ð1Þ

Where RDEAE is the sum of detected AE energy during load increase
or decrease time only, and RAf is the fractured area obtained by
multiplying the crack length detected by the digital camera during
these temporal ranges with the thickness of the sample. DSV is the
fracture energy density and its meaning is further investigated in
relation to the fracture toughness in the following sections.

Eventhough the fracture resistancec is generally regarded as a
geometry independent characteristic of a material, it has been
shown in the literature [33–35] that fracture resistance is impacted
through variation of geometrical constraints in specific specimen
geometries. Here, the value of fracture toughness (KIC) was calcu-
lated through the modifications to the standard formula used for
the DCB samples here reported in equation (2) [36]. In fact, the
pine slices in this study underwent changes in the relative humid-
ity in the climate chamber, and - as a result - they embedded
micro-cracks creating a challenging task to produce specimens
with lengths equal to the conventional CT geometry. To account



Fig. 1. Pine Slices tested in the climate chamber (I) before and (II) after the applied RH change with the coating treatment visible.

Fig. 2. Geometry of DCB specimen for fracture test (a = 10 mm).
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for this variation, therefore, the values of the crack propagations
were normalized by means of their respected length, providing a
correlation, less dependent on the length of the specimens as:
Table 1
Specimen coating and geometry as referred to Fig. 2.

Coating Specimen ID W1 (mm)

Wax SP1.2 64.2
SP1.3 81.3
SP1.4 50.5

CS + P40 SP2.2 50
Tar SP3.1 63.2

SP3.2 84
Standard(No coating) STP1 69.7

3

KIC ¼ KQ ¼ FC

B
ffiffiffiffiffiffi
W

p � 2þ AW

1� AWð Þ3=2

� 0;886þ 4;64 AWð Þ � 13;32 AWð Þ2 þ 14;72 AWð Þ3 � 5;60 AWð Þ4
h i

ð2Þ

where KQ is obtained from graphical construction of the load–dis-
placement test record, term FC is the critical force (i.e. the maximum
force in each step of crack propagation), B and W are geometrical
parameters as expressed in Fig. 2. Fig. 3 describes the new normal-
ized crack propagation, AW , defined as a third-degree polynomial
function of the original normalized crack propagation, aW , as:

Aw ¼ 0:3421aW3 � 0:1588aW 2 þ 0:4637aW þ 0:3586 ð3Þ
2.2. Numerical analysis of fracture toughness

A 2D model was created in the Abaqus CAE 2019 [37] software
to calculate the value of stress intensity factor, KI measured at the
crack tip in the significant points. 8-node plane strain elements
were used to discretize the finite element model. To improve the
accuracy of the results, a higher mesh density was employed in
the proximity of the crack tip (see Fig. 4). Singular collapsed ele-
ments were integrated in the first ring around the crack tip to pre-
a/W 2H (mm) B (mm)

0.79 35.5 24.6
0.86 35.5 19.7
0.76 35.5 19.7
0.68 35.5 20.2
0.75 35.3 20.8
0.77 35.6 19.9
0.82 36.8 22



Fig. 3. Polynomial fit of the new normalized crack propagation (AW Þ in respect the
original normalized crack propagation ðaW Þ. Fig. 5. Comparison between experimental KIC

(Exp) and calculated values of fracture
toughness obtained by means of the standard (KIC

(St) - green dots) and modified (KIC
(Mod) - black dots) equations. Linear best fit (Continuous) and error bandwithin ± 20%
(Dotted black line). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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cisely capture the stress singularity. In order to obtain the variation
of stress intensity factor during the crack propagation, discrete
steps of crack propagation were modeled with specific crack exten-
sion lengths corresponding to the progressive crack lengths during
the fracture tests. Linear elastic analyses were performed using the
material properties reported in [38]. The finite element models
were loaded under unit concentrated force (i.e. 1 N) on the top
loading hole while the boundary conditions were defined as shown
in Figure. As the modelling outcome, the stress intensity factors, KI,i

were obtained in each step of crack propagation. Using the values
of stress intensity facture at specific crack lengths, KI,i, and the cor-
responding experimental load, Fi, the fracture toughness, KIC,i was
calculated as:

KIC;i ¼ KI;i � Fi ð4Þ
3. Results and discussion

In order to evaluate the capability of the modified equation, a
comparison was made between the values of the fracture tough-
ness obtained from the experimental approach (KIC

(Exp)) with those
calculated through equations (2) and (3), and the results are pre-
sented in Fig. 5. As shown in this figure, the calculated values of
KIC obtained by means of the modified correlation (KIC

(Mod) - black
color) are in closer agreement with experimental values than those
Fig. 4. Representative mesh pattern and applied boundary conditions in DCB
model.
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calculated through the standard correlation (KIC
(St) green color).

While the mean value of error of the former approach is 3.12%,
for the latter it is 25.91%, approximately one eight of the standard
values.

As displayed in Fig. 6, only the pine slice with the renaissance
microcrystalline wax coating (SP1) were remained intact at the
conclusion of the test in the climate chamber, whereas those
coated with CS + P40 (SP2) and Tar (SP3) experienced macro-
cracking during the RH change. During the RH decrease, wood gen-
erally experiences shrinkage, due to water desorption, however,
the coatings of the radial surfaces in SP2 and SP3, acted as con-
straints, preventing the desorption of water from the wood, and
resulting in damaging the slices. While the coating in SP1 allowed
water to desorb partially from the base surfaces and reduced the
risk of macro-crack formation.

In order to quantitatively discriminate between the damaged
and undamaged slices, the concept of DSV, dynamic surface energy
Fig. 6. (I) Pine coated with Renaissance microcrystalline wax, (II) pine coated with
CS + P40, (III) Oak coated with CS + P40, (IV) oak coated with tar, and (V) pine coated
with tar slices after the RH reduction.



Fig. 7. The DSV vs. crack length for portions of load increase (green dots and lines) and decrease (black dots and lines) for the coated specimens while in climate chamber.
Labels referring to the type of coating on the specimen are reported on the bottom right. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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value, as expressed in [32] and here reported in equation (1), was
employed. The DSV was further categorized into those obtained
during the load decrease and increase portions correspondingly
associated with brittle and ductile fracture. To investigate the
5

impact of the environmental modification in the climate chamber
on the crack length of the slices, the values of DSV with respect
to the crack length are presented in Fig. 7. The data recorded by
the AE were classified into the portions of load decrease and



Fig. 8. Dynamic surface energy value vs fracture toughness for increments of load
decrease and increase.
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increase. There are two main points to be considered in this figure.
First, is the values of DSV in the load increase and decrease parts
and the values of the crack with respect to those loading parts.
In this former context, the values of DSV for specimens SP1.2,
SP1.3, and SP1.4 - with not macro-damaged after the test - differ
vastly by an average scale of respectively 33, 100, and 300 between
the load increase and load decrease parts, while this scale becomes
almost equal for damaged specimens (i.e. SP2.2, SP3.1, SP3.2).
Regarding the latter perspective, all specimens, apart from SP2.2,
had almost comparable crack length for portions of load increase
and decrease. This atypical behavior of the SP2.2 specimen can
be attributed to the Paraloid coating.

Fig. 8 shows a compared visualization of the DSV amount in
load increase and decrease portions drawn vs. their respected val-
ues of fracture toughness. The values of DSV differ vastly, with
those related to load decrease (black color) considerably lower
than those for load increase (blue color). The lower amount of
DSV decrease corresponds to fractured samples coming from previ-
ously intact wood that was acclimatized with the surrounding
environment without showing macro crack formation (i.e. SP1.x).
Although not subjected to visual damage during the acclimatiza-
tion test in the climate chamber, during the tensile tests, these
samples demonstrated to be at higher risk as observed by larger
crack propagation values reported in Table 2. While the higher
amount of DSV decrease corresponds to fractured samples coming
from previously damaged wood that during the acclimatization
process in the chamber was subjected to complete plastic deforma-
tion resulting in final fracture. These tested samples are at lower
risk when additional load is applied (e.g. during the tensile test)
as the crack propagation is smaller. As indicated by the dashed line
in this figure, in this study, an amount of 5000 DSV decrease was
outlined as a threshold above which are the specimens belong to
Table 2
Values of AE, crack length, and lifetime for the increase and decrease increments of load.

Sample
ID

A.E (a.u.) Crack length (mm)

Increase Decrease Ratio (In/
De)

Increase Decrease Ratio
De)

SP1.2 37,205,000.0 3,815,349.2 9.8 9.1 34.8 0.3
SP1.3 6,645,000.0 1,803,550.3 3.7 7.9 40.0 0.2
SP1.4 9,359,900.0 490,119.0 19.1 5.7 25.8 0.2
SP2.2 3,507,500.0 1,319,162.0 2.7 7.8 21.0 0.4
SP3.1 9,736,900.0 7,535,967.0 1.3 4.4 22.2 0.2
SP3.2 15,999,000.0 5,991,167.2 2.7 25.7 21.5 1.2
STP1 11,074,000.0 2,207,695.6 5.0 10.3 26.2 0.4
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the latter group of specimen such as SP2.2, SP3.1, and SP3.2, while
those below this line belong to the former. On the other hand, such
distinction cannot be made with respect to the DSV increase val-
ues. This observation further elaborates on Pollock’s report [29]
that the ductile energy is released during the formation of the
micro cracks, as opposed to brittle energy released in correspon-
dence to the crack propagation and visible macro cracks.

The values of load increase and decrease parts, AE, crack length
and lifetime for each sample are listed in Table 2. As shown in this
table, the amount of AE and lifetime during the increase portion
are considerably higher than the decrease one, however, the rate
of energy release is significantly higher for the latter resulting in
higher values of crack propagation as compared to the former.

According to Michalski’s postulation of the proven fluctuation
[28,39,40], an already cracked sample - when subjected to a rela-
tive humidity change - is less likely to damage further, as com-
pared to an undamaged sample, when it undergoes the same or
lower change widen in the relative humidity as occurred in its past.
Although yet to be proven experimentally [41], this hypothesis is
of utmost importance especially for the cultural heritage field,
since the objects being dealt with have mostly undergone signifi-
cant RH changes during their service life. Hence, defining a thresh-
old in energy density, representing the maximum RH change to
which a material was priorly subjected, is beneficial for making
future maintenance and/or conservation scenarios. In this study,
the intention was to investigate this postulation in more debt by:
(1) clarifying the DSV or energy density – samples SP2.2, SP3.1,
and SP3.2 are those with developed micro-cracks during the %50
RH change while having a DSV decrease of more than 5000, on
other hand, the SP1.2, SP1.3, SP1.4 samples subjected to the rela-
tive humidity change fell below the threshold line of 5000 DSV
decrease. According to Michalski’s hypothesis, the former samples
are safe if subjected to RH variations equal or less than %50, while
the latter samples are prone to damage undergoing the same RH
changes. (2) Understanding the relation between DSV and the frac-
ture properties of the wood. The values of fracture toughness for
the increasing portion are slightly higher for the cracked samples
SP2.2, SP3.1, and SP3.2 as compared to uncracked samples of SP1.
X and STP1 whose fracture toughness amounts are higher for the
decreasing portion of the load. On the other hand, the more pro-
nounced difference of DSV values between the load decrease and
increase portions was observed for the latter group as opposed to
the former group. Furthermore, even though this study has pro-
vided more insight into the proven fluctuation hypothesis by intro-
ducing a fracture characteristic (i.e. fracture toughness), there is
still more research and analysis are needed in this field. Finally,
analysis of the non-singular term of stress (T-stress) in calculations
of the critical stress intensity factor, an in-depth investigation on a
3D FEA simulation of the DCB speciemen, and considering the
effect of moisture content on fracture parameters are the subjects
of onoing works of the authors.
Lifetime DT (s) AE/DT (1/s)

(In/ Increase Decrease Ratio (In/
De)

Increase Decrease Ratio (In/
De)

112,820.0 2,302.1 48.6 329.8 1,664.5 0.2
80,715.8 4,769.0 16.9 82.3 378.2 0.2
43,753.7 3,950.5 11.1 213.9 124.1 1.7
14,086.2 2,184.7 6.5 249.0 603.8 0.4
28,739.0 6,173.4 4.7 338.8 1,220.7 0.3
158,126.8 20,770.6 7.6 101.2 288.4 0.4
64,405.3 10,669.7 6.0 171.9 206.9 0.8
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4. Conclusions

Prior to applying a sudden 50% drop in the relative humidity in a
climate chamber in which theywere kept for 22 days, slices of Scots
pinewere kept at 80% relative humidity for 18 days andwere coated
with Renaissance wax (slice 1), paraloid (slice 2), and tar (slice 3).
While the former coated slice was remained uncracked at the end
of the 40-day period, macro-cracks were initiated in the last two.
The normalized 3rd degree polynomial function introduced in the
fracture toughness calculation, to eliminate the effect of various
lengths of the specimens and resulted in promising fracture tough-
ness values as compared to thoseobtainedexperimentally. Theanal-
ysis performed on the AE energy and the values of DSV during the
ductile and brittle parts, together with values of fracture toughness
and the crack length obtained from the FEA and experimental set up
showed that the cracks in specimens cut from slice 1 were domi-
nantly propagated due to the brittle portion of DSV, while the
remaining specimens produced form the already damaged slices of
2 and 3 had cracks propagated due to an almost equal contribution
of the brittle and the ductile portions. Based on the wood type and
conditioning of them this study, a threshold for the DSV decrease
wasdefinedat 5000 a.u./mm2 abovewhich the sliceswere damaged.
According to these findings and Michalski’s proven fluctuation pos-
tulation, it was concluded that the specimens from slice 1 are more
susceptible to damage with an applied relative humidity change of
less than 50%, than those from slice 2 and slice 3.
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