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EXPERIMENTAL MODAL ANALYSIS OF A PALM TREE LOG UNDER
RADIAL VIBRATIONAL EXCITATION1
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Abstract. Trees may be subject to rot-inducing agents that degrade the strength of the material making
their trunk, and decrease the quality of their crop. Several techniques, both nondestructive and destructive,
are available for assessing the extent of damage caused by rot in a tree trunk. The present work presents the
results of a preliminary study conducted on a palm tree trunk for isolating a specific mode from its response
to a vibrational excitation, namely the so-called “ovalling” mode. The latter is cross-sectional and in a cir-
cular cylinder, and manifests itself relatively locally, ie has little dependence on the lateral extension of the
cylinder. An experimental modal analysis is made on a piece of a date palm tree trunk when set into vibra-
tion through a radial mechanical excitation, and the response is collected at points along a circumference
on the trunk. The value of the resonance frequency of the ovalling mode was found to be somehow vari-
able, probably resulting from some coupling phenomena between various modes of vibration due to the
inhomogeneity, anisotropy, and fiber-like structure of the trunk wood. As rot usually affects markedly the
strength of the trunk wood, the frequency of the ovalling mode, which depends on the strength of the mate-
rial, can be used for estimating the severity of rot attack in the trunk. A numerical simulation is also made
to a cylinder as a simplified representation of a tree trunk.

Keywords: Palm tree, modal analysis, vibration, cross-sectional mode, rot detection, nondestructive testing.

INTRODUCTION

In countries with hot climate, palm trees are an
important part of the landscape. Date palm trees
in the hot Middle Eastern areas, as well as oil and
coconut palm trees in the more temperate and
humid climates by the Equator tropic are also
important sources of revenue for their fruit or the
oil extracted from them. Trees in general are vul-
nerable to attack by pests that weaken the trunk
after some time of activity in it. Rot-infected trees
standing in city parks and streets may constitute
potential hazards to passersby, and the trees in
plantations require constant control of their health
status. The reliance on a fast and efficient moni-
toring procedure becomes therefore necessary to
decide on the felling and clearing of a tree from
the site. The use of the technique, if successful,
will not be restricted to use in palm trees, but will

encompass any kind of trees while standing, or to
logs and wooden utility poles.

The present study has for its main goal to investi-
gate the health condition of a tree trunk through
simply striking it by a hammer blow and then
recording and analyzing the response to that exci-
tation. The nondestructive technique that will be
developed for date palm trees is expected to cover
other tree species as well. Hence once the vibra-
tional behavior of the tree stem is known, and the
resonant mode of vibration of interest identified,
along with its frequency for each tree species, it is
possible to establish a “soundness chart” for deter-
mining the extent of rot attack in the stem. Such a
chart expresses the proper frequency of the vibra-
tion mode as a function of the geometrical charac-
teristics of the stem, such as its width and length.

REVIEW OF LITERATURE ON TREES

Rot attacks almost all tree species and often
spreads from the roots up to the trunk of the tree.
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It is the result of attack by certain species of
fungi, and the consequent colonization of the tree
stem leads to decay by which the mass of the
wood is reduced and its strength is weakened.
Visual inspection of the tree, core sample-taking
from the trunk, and the measurement of resistance
to drill are a few of the commonly accepted meth-
ods used in forestry and urban trees’ inspection
for the detection of decay in trees. The former is
rather based on subjective interpretation of exter-
nal signs, which often makes it an unreliable
method (Wagener and Davidson 1954). The sec-
ond method, which consists of taking core sam-
ples from the tree trunk by means of an increment
borer, is also found to be somehow unreliable in
predicting the percentage of decayed trees in a
forest stand. Its unreliability becomes even more
accentuated when the location of rot is off the
pith, the center axis of the trunk, and in which
case hitting a decayed area becomes less likely
when taking the core sample. Moreover, it has
been found that the success in finding decay is
lower when the core sample is taken at breast
height than at a lower height near ground level
(Stenlid and W€asterlund 1986). A tree may live
with the wounds caused by the increment borer;
the destructive nature of the method may increase
the susceptibility to rot.

Nondestructive detection methods are based on
various different technologies and have been sug-
gested during the last few decades. Many of these
methods are based on acoustical techniques and
function on scanning the interior cross section of
the tree trunk through setting it to an impulse
excitation and then establishing an image through
processing the data collected from an array of
sensors attached to the surface of the tree trunk
(Rust 2000; Deflorio et al 2008). This is a more
elaborate way of implementing earlier and sim-
pler vibrational techniques where a single sensor
is used for measuring the time of flight of the
mechanical pulse induced in the tree trunk. A
stress wave is thus generated by, for instance, a
hammer strike, and calculations of the speed of
wave propagation permits to determine the stiff-
ness of the material as expressed in terms of the
Modulus of Elasticity, MOE (wood is a highly

anisotropic material, and more specifically a tree
trunk exhibits radial anisotropy, and the determi-
nation of the strength properties of the material
is highly dependent on the direction of wave
propagation within the material). The extent of
the zone of rot attack and the degree of its severity
in the tree trunk may be established through com-
paring the measured speed of wave propagation,
or the MOE, depending on to what extent the
values of these parameters fall below a species-
dependent threshold (Mattheck and Bethge 1993).

In this work, the modes of vibration of a piece cut
transversally from the trunk of a date palm tree are
investigated. The purpose of this preliminary
investigation is to list the few lowest modes of
vibration, both in shape and frequency, when a
tree trunk is excited by a radial excitation. The
study, which is of a pilot character, is limited to
the few lowest vibration modes for the sole reason
that these are the most important ones when it
comes to examine the response of a tree trunk
to mechanical excitation. Moreover, as a tree trunk
behaves as a complex mechanical system (because
of the various kinds of modes that the trunk may
exhibit in its response to a mechanical excitation),
and the response of modes is most pronounced for
the lowest ones and tends to decrease for modes
of higher order. For instance, it is known from
studies carried on wooden beams that rot, as well
as other structural defects, reduce the stiffness of
the material as quantified by the value of its MOE.
As a consequence it is found that the frequency
of resonance, or eigenfrequency, of the flexural
modes is also diminished, however, without too
appreciably affecting the shape of these bending
modes (Yang et al 2002; Choi et al 2007).

MATERIALS AND METHODS

The purpose from the present experimental study
is to conduct an investigation into the various
vibrational modes of interest in a palm tree trunk.
Hence, a log was cut from the trunk of a sound
palm tree and is in the first set of experiments set
upon thin supports at about the nodes of the first
flexural mode of vibration. In the second set of
experiments, the log is hinged with its axis in the
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vertical direction, to study the characteristics of
the circumferential expansion modes of vibra-
tions. A broadband signal is then fed into a shaker
attached to the middle of the log and the response
of the log to the excitation is recorded by an
accelerometer. This latter is displaced stepwise
over the whole cylindrical area of the log. The
frequency and vibrational shape of the excited
mode are thus determined from the analysis of the
frequency response of the log at each of the posi-
tions considered.

Materials

A series of measurements were conducted on a
log that was cut from the trunk of a date palm
tree. The experiments conducted on the log
were divided into two series, one series being
where the log was laid horizontally on two sup-
ports and the other series with the log maintained
standing and held at its two ends by sharp metal-
lic rods.

The palm log was almost cylindrical in shape as
the flaring was negligible along its axial direction,
110 cm of length and with an average perimeter
of 143 cm, making an average diameter of
45.5 cm. Prior to making measurements, the log
was wrapped with a thin plastic film, on which
were glued equidistant tape strips along the axis,
and other equidistant strips on its circumference.
The mesh thus obtained was composed of cells of
square shape, with an average size of 14 3
14 cm2. The axial strips were lettered in order
from A to P, starting from the uppermost position
on the log and moving around it, while the cir-
cumferential ones were numbered from 1 to 11,
starting from the uppermost edge surface of the
log and moving toward the bottom. Pictures over
the measurement setups are shown in Fig 1, with
details over the vertical setup in Fig 2. An illustra-
tion of the vertical setup with the connections of
the measurement equipment is also shown in
Fig 3. The setup makes, in total, 176 measure-
ment points, evenly distributed on the surface of
the log and that will be used for mapping the
vibration amplitude on the surface of the log.

Experimental Modal Analysis, EMA

Experimental Modal Analysis, EMA (or modal
testing), has grown steadily in popularity since
the advent of the digital Fast Fourier Transform,
FFT, spectrum analysis technique in the mid-
1970s. It has become a widely accepted tool that
is used in structural engineering and material sci-
ences for the nondestructive evaluation of
mechanical properties of materials and structures.
The principle of using EMA is built about setting
a structure into vibration through submitting it to
a short impact and then study the response of the
structure for determining its proper, or natural,
modes of vibration (Schwarz and Richardson
1999).

An essential concept in EMA is that of the Fre-
quency Response Function, or Frequency Trans-
fer Function, and the measurement of which helps
isolating the natural dynamic properties of the
mechanical structure under investigation. The lat-
ter is a complex function and determines the rela-
tionship, expressed as a function of frequency,
between excitation and response (or input and
output), between two points on the structure under
study.

Experimental Setup

The measurements on the log for the purpose of
its modal analysis were conducted in the standing
position. For the log in the horizontal setup, it
was laid on the supports so that the boundary con-
ditions were intended to satisfy approximately
those of the first bending mode, that is to say, that
the log was set on two wedge-like supports at a
distance of one-sixth of its length from either of
its ends. These are the positions of the nodes of
this specific mode, and setting the supports at
these nodes does not affect the flexural deflections
of the log. A Br€uel and Kjær, B&K, electrody-
namic mini-shaker, model 4810, was then cou-
pled to a steel rod, also usually called stinger in
modal analysis parlance, to be connected to the
vibrating cone of the shaker. The stinger, oriented
in the radial direction of the log, was in its turn
attached to a metallic plate in its turn screwed
onto the log at its midst.
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The vibration sensor consisted of a uniaxial piezo-
electric charge accelerometer of type B&K 4381
with a sensitivity of 10 pC/ms22 and a working
frequency range from 0.1Hz to 4800Hz. To
enable easy and fast displacement of the vibration
sensor from a measurement position on the log to
the next one, a needle-like screw 2.5 cm in length
was attached to its base. The signal from the
accelerometer was then fed into a B&K charge
amplifier model B&K 2626 with the appropriate
sensitivity calibration and signal amplification,
and was maintained for the whole series of mea-
surement positions so as to avoid inconvenient
later adjustments of measurement data. This was
accomplished through a prior reading of the
response at a presumed position where the weak-
est response signal was expected to be recorded
(at the most remote position on the log from the
point of signal excitation, which is at the rim

of the log and diametrically opposed to the excita-
tion position), and another reading at a measure-
ment position where the signal was the most
pronounced, ie nearest to the position of input of
excitation signal. The charge amplifier was then
set at a level with an acceptable signal-to-noise
ratio at the weakest signal record, but at the same
time without overloading the input to the ampli-
fier at the position of the strongest signal. The
measured signal was then conveyed to the input
of a signal processor for the necessary cross-
correlation operation to be executed with the sig-
nal that gave rise to it.

Measurement Technique

The quantity of interest that was measured is the
impulse response, IR, which is acquired through
submitting the test specimen to a chirp consisting

Figure 1. Pictures over the experimental measurement setup on the palm tree log. (a) Log on horizontal setup. (b) Log on
vertical setup.

Figure 2. Pictures over details of the experimental measurement setup on the palm tree log. Left: Attachment of shaker, for
force excitation. Right: Attachment of accelerometer, for response signal recording.
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of a sine sweep signal (this kind of excitation
has shown superior reliability than the broadband
random signal excitation, as it ensures, among
others, higher immunity against distortion;
M€uller and Massarani 2001). In the actual mea-
surement system the frequency sweep is set in the
range 20-20,000Hz and the sampling rate to
44,100Hz prior to the FFT operation. For an FFT
size of 8192 this gives a frequency resolution of
5.4Hz for the frequency spectrum, or equivalently
a time resolution of 0.19 s for the IR. The IR is
thus obtained through executing a cross-
correlation operation between the response
recorded by the vibration sensor and the excita-
tion signal. This measurement technique also
spares the trouble of measuring the transfer func-
tion between the response signal and the excita-
tion signal, and instead focuses on evaluating the
FFT, of the impulse response at the measurement
point.

A schematic representation over this measure-
ment procedure is illustrated in Fig 4, and more
details may be read in Kuttruff (2010). This mea-
surement procedure has lately been incorporated

in the room-acoustical and simulation software
ODEON software, which originally was designed
for room acoustical simulations and calculations.
For an appropriate level of the excitation signal
above that of the background noise, and as the
excitation signal is perfectly repeatable, the
response result is also expected to be repeatable,
hence avoiding the need for executing several
measurements and then evaluating their average.

RESULTS

A typical signal trace of the IR, and its frequency
counterpart, the transfer function, as recorded at
measurement position P07 on the log are shown
in Fig 5. The purpose from an antecedent mea-
surement carried on the log on the horizontal
mounting setup was to identify the approximate
frequencies of the major natural vibration modes.
This was conducted prior to the major measure-
ment series at all measurement positions on the
log. In the plot on the right-hand side of Fig 5,
one can differentiate the peaks of some of the
most important modes of vibration in the curve of

Charge amplifier 

Measurement system 

palm tree log 

Signal amplifier 

Vibration exciter Accelerometer 

Figure 3. Schematic experimental set-up for measurements of the distribution of vibration amplitude on the log of the date
palm tree set in vertical orientation.
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the amplitude as a function of the frequency. The
first mode of vibration at around 45Hz, depicted
as “m,” is the mode of whole-body motion of the
log, and which is at the resonance frequency of
the spring-mass system composed of the log and
the vibrating part of the shaker. The presence of
this mode was made even more obvious when the
log was set into vibration by the stronger shaker.
The second mode, “b1,” in the range 180-210Hz
is the first bending mode, and the next one, “b2,”
is the second bending mode with, theoretically, a
frequency 2.55 that of the first bending mode, ie
around 470Hz. The next peak is that of the third
bending mode, “b3,” with a frequency 5.44 that
of the first one, ie around 900Hz. It looks as if
this mode vibrates at its most pronounced
response at this measurement position, and its
amplitude overrides that of the other two lower

bending modes. Next, the peak denoted as “o” on
the frequency plot, has been investigated in the
frequency responses of the measurement posi-
tions, and is found to be, to a high degree of
confidence, the “ovalling” mode. However, its
frequency is found to shift within the frequency
range 1050-1600Hz depending on the position of
the sensor on the log. For some positions it did
not exhibit lucid existence through a well-marked
peak, like the one in Fig 5. More specifically,
these positions of lesser display of the ovalling
mode, were those positioned remotely far from
the plane normal to the axis of action of the exci-
tation signal, at a distance of approximately more
than 30 cm along the axis of the log. An explana-
tion of this position-dependent behavior of the
modal amplitude and frequency of this cross-
sectional mode is probably attributed to some

    System under test Input signal 
(chirp) Output signal 

Cross-correlation 

Impulse response 

Figure 4. Illustration of the general principle behind the measurement procedure used for acquiring the impulse response of a
system.
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Figure 5. Left: Impulse response recorded at position P07 on the log. Right: Amplitude of the transfer function, ie the trans-
form of the impulse response in the frequency domain.
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coupling between this mode and the bending
ones, and where a substantial part of the vibratory
energy may be exchanged between the modes.
The best performance of the ovalling mode was
found on the circumference normal to the trunk’s
axis and containing the point of application of the
excitation force. The manifestation of this mode
showed a higher dampening of the vibration
amplitude the farther away from the position of
the excitation. The most plausible explanation to
this behavior may be attributed to the inner
fibrous structure of the trunk favoring the absorp-
tion of propagating vibratory energy through fric-
tion between contiguously packed fibers, which is
believed to increase with increasing moisture con-
tent. Figure 6 depicts the linear vibration ampli-
tude as recorded on the surface of the log on this
circumferential line (measurements at positions
14 and 26 were not possible, hence unreliable,
due to their falling in a deep trough, and the val-
ues of the vibration amplitude on the graph were
simply extrapolated from those of positions on
either of their sides). Polar plots, on both a linear
and a logarithimic scale, are presented in Figure
7. The attenuation of the vibration amplitude of
the ovalling mode, as depending on the lateral dis-
tance from the plane of application of the excita-
tion signal, is illustrated in the curve plot of Fig 8.
The measurement positions were taken on the
line parallel to the axis of the log at 90� from the

excitation position and on either side of the plane
of its application. At a distance about 30 cm from
the plane of application of the excitation force,
where the amplitude of vibration is maximum, the
ovalling mode was scarcely observable. Its vibra-
tion amplitude was over 30 dB lower, ie less than
ca. one-thirtieth of its highest value at the point of
vibration excitation.

The graph in Fig 9 is a plot of the amplitude of
vibration along a circumference of the log for the
first bending mode at the frequency range
between 180Hz and 210Hz, where it is seen the
weak response on the lateral positions of the log.
Measurements were conducted on the palm trunk
at a lateral position mid-distance from the middle
of the trunk toward its edge. Figure 10 presents
polar plots of the amplitude of this first bending
mode of vibration.

DISCUSSION

The modes of vibration that can be set into
motion in the palm tree log may have various
characters, and these can be arranged into the
bending, cross-sectional, torsional, and longitudi-
nal classes. Knowledge of the behavior, shape,
and frequency of these modes will serve as a
benchmark for a subsequent study concerned with
establishing the degree of influence of rot on the
physical and geometrical attributes of these
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Figure 6. Vibration pattern along a circumference on the log for ovalling mode “o” at average frequency 1300 Hz. Linear
amplitude.
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application of the excitation force.
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Figure 9. Vibration pattern along a circumference on the log for bending mode b1 at average frequency 190 Hz.
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modes. The excitation of these vibration modes
depends primarily on the application position in
the log of the force exciting source, the electrody-
namic shaker, and on the orientation of the excita-
tion force. For the purposes of this study the
torsional and the longitudinal modes were
excluded through attaching the rod fixed to the
vibrating part of the shaker radially on the surface
of the log and at mid-distance from its extremi-
ties. The choice of the position of the excitation
force is also important inasmuch as the vibrational
modes responding with their maximum amplitude
will be those with such that an antinode line
crosses the point of application of the excitation
force. The surface jaggedness in the present
experimental specimen hindered for some mea-
surement points to be conducted at their pre-
scribed position. The log also had some flaws on
it and this caused disturbances for some measure-
ments as it is known that flaws and delaminations
are material defects that can cause modal cou-
pling, not only enhancing the response of some
modes and reducing that of others, but they even
can generate new modes of vibration for the sim-
ple reason that their presence causes a change in
the boundary conditions of the vibrational modes
(Shen and Grady 1992).

The natural frequencies of a bar with large slen-
derness (ratio of length to width) of solid material

with MoE, E and density, r, and under flexural
motion with free-free boundary conditions is
expressed as (the approximation is often referred
to as the Euler-Bernoulli, Cremer and Heckl
1988):

ff2f5
p

8

ffiffiffiffiffi
B
m

r
2n21ð Þ2

l2
(1)

n being the number of nodes of the mode, and
B 5 EI, the bending stiffness of the bar with I its
sectional moment of inertia, which for a filled cir-
cular cylinder with radius a is expressed as:

I5p
a4

2
(2)

In Eq (1) m is the mass per unit length of the rod
in kg/m; it is expressed as m 5 prZa2. The val-
ues of the natural frequencies of vibration for a
bar of general dimensions are not expressible in
as a simple explicit form as in Eq (1), but are
instead determined through a nondirect procedure
starting from the value of the slenderness of the
bar and a frequency parameter. A system of equa-
tions is then established for the boundary condi-
tions of the displacements of the beam’s particles.
From the latter the coefficients of the series’
development leads to the values of the natural fre-
quencies from setting the determinant of the
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Figure 10. Polar plot over the vibration amplitude data pattern of Fig 9 for the first bending mode. Left: Linear scale. Right:
Logarithmic scale.
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system of equations as equal to zero (Hutchinson
1980; Hutchinson 1981). The classical approxi-
mations underestimate the displacement and over-
estimate the natural frequencies of vibration as
compared with results from more elaborated theo-
ries (starting from Timoshenko’s in 1921; Sayyad
2011).

If we consider the first bending mode of a slender
cylindrical beam, Eq (1) can be rearranged, with
n5 2, as:

ff2f ,15
9pa
8l2

ffiffiffiffiffi
E
2r

s
(3)

There are no exact available published data con-
cerning the value of the MoE for the wood consti-
tuting the stem of date palm trees as opposed to
those of other palm species. It is also important to
mention that for trees, in general, the mechanical
and strength properties of wood processed from
their trunks depends on several parameters. These
are not only limited to external growing condi-
tions, like climatic and the chemical composition
and water content properties of the soil on which
the trees stand, but even on the part of the stem
from which wood material is sawn. Regarding
palm trees and due to the remarkable height, their
size can reach up to 20-40 m, the MoE is found to
be of distinctly higher values at the periphery of
the stem and at its base. This mechanical charac-
teristic enables these tall trees to withstand high
strain constraints under windy conditions (Rich
1987; Gibson 2012). Using Eq (3) for the first
bending resonance frequency ff-f,1 5 170Hz gives
a value for the MoE of E 5 63 MPa (using a
value of 490 kg�m23 for its density as calculated
from its weighing and measuring its volume).
This value is noticeably low for softwood species
(Douglas fir, Norway spruce, or oak), widely used
as building materials, and which usually have val-
ues in the range 1-10 GPa, but it is also low as
compared for lately reported MoE values of
palms in the range 0.3-1.0 GPa (Rich 1987).
Although these values apply for palm species
other than the date. Because there were no visual
signs of decay in the heart or near the periphery
of the log under study, it is concluded that this

low MoE value, and if not what is expected from
a date palm tree, may only be attributed to an
aged palm tree from which the log was most
probably cut, and which is supported by the large
cross-sectional size, Ø 45 cm, of the test speci-
men. Moreover, it should be emphasized here that
so far theoretical treatment concerns a slender
beam, ie a beam whose length exceeds about 10
times its average cross-sectional size, and there-
fore a more elaborate approach is to be considered
if a more accurate analysis is to be applied to pre-
sent palm log. A further correction to be added to
the analysis of thick beams is that of mass adding
at the ends of the beam and which has for essen-
tial consequence to decrease the value of the reso-
nance frequency of the vibration mode. This fact
leads to an overestimate of the MOE, therefore
the more qualitative than quantitative character of
the present analysis.

The resonance frequency fcs of the extensional
vibrational modes is inversely proportional to the
circumference C of the cylinder and directly
dependent on the strength of the material filling
the cylinder, especially on the propagation speed
of shear waves vs, ie fcs � xC21vs, x being a
dimensionless factor proportional to the Poisson
ratio of the material (Axmon et al 2002).

This pilot study is an incentive for the future, a
more comprehensive and larger scale study needs
to be conducted on the stem of standing palm
trees. A recent publication by the author has shed
some light on a method for extracting the ovalling
mode from the frequency response of a palm tree
trunk in response to a mechanical stress excita-
tion. The method builds on using a combination
of two similar vibration sensors attached to the
trunk at two diametrically opposed positions
and then to recording and adding their response
(in phase) to the mechanical excitation induced
radially at midway distance between the sensors
(Ouis 2020). The tree specimen considered in that
study was a California fan palm (Washingtonia
filifera), and the results showed the possibility to
determine the strength of the wood material at dif-
ferent heights above the ground from measuring
the natural frequency of the ovalling mode as a
function of the circumference of the trunk.

10 WOOD AND FIBER SCIENCE, JANUARY 2022, V. 54(1)



The resonance frequency for a filled cylinder is
proportional to the speed of wave propagation in
the material, which in turn is proportional to the
square root of the MOE. Hence a degradation of
the strength of the cylinder material will result in
a reduction of the value of the frequency of the
ovalling mode, the vibration of which is illus-
trated in Figure 11. The aim of the present investi-
gation is to serve as an initiator to a study at a

larger scale to be conducted on standing date
palm trees of various sizes and planted on differ-
ent stands to establish a possible correlation
between the characteristics of the ovalling mode
and the severity of rot attack in the tree stem.

Numerical calculations were conducted using
mechanical and computational simulation Finite
Element Analysis–based software. Two software,
namely COMSOL Multiphysics and ANSYS,
were used for predicting the shape and frequency
of the ovalling mode of vibration on a cylinder
with geometrical and physical attributes similar to
those of the log used in this experimental study.
A first computation with a cylinder made of iso-
tropic material showed that for a value of MoE
equal to 60 MPa, the frequency fov of the ovalling
mode was obtained at 353Hz. Including anisot-
ropy in the material, specifically considering
orthogonal isotropy between the radial and the
axial directions, showed very minor effect on the
value of fov; with a Poisson ratio taken as 0.3, an

at a time t � T/2 
Excitation 

at a time t

Figure 11. Illustration of the “ovalling” mode for a cylinder
excited radially. T is the period of vibration of the mode, or
T5 1/f o, fo being its frequency.

ANSYS COMSOL
Figure 12. Numerical simulation and calculation of the vibration pattern and the frequency fov of the ovalling mode in a free
solid cylinder made of material with orthogonal isotropy. Length l 5 1.10 m, diameter d 5 0.45 m, material density r 5 490
kg/m3 and material stiffness MoE 5 60 MPa. In both simulations the natural frequency of the mode was found fov � 352 Hz.
Left: Using ANSYS. Right: using COMSOLMultiphysics.
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increase factor of 10 for the axial/tangential MOE
resulted in a relative decrease of the fov by only
0.1%. (for palm trees’ wood, the value of the
MOE along the grain may be as high as 20 times
that of the MOE value in the transverse direction).
Figure 12 presents the results of calculations for
this cylinder.

Assigning a value of 750 MPa for the tangential
MOE resulted in a value of 1285Hz for fov and
this was taken for simulating, as a last investiga-
tion, the behavior of a filled cylinder with finite
size and that was clamped, ie with no motion, at
one end and free of motion at the other end
(roughly representing the trunk of a standing
tree). Its length was taken as 3.00 m for limiting
the load and time of computations. The excitation
of the cylinder was accomplished through the
simultaneous application at midheight location on
the cylinder of two similar force pulses radially
opposed in direction and acting on two diametri-
cally positions on the cylinder, Fig 13 (left).
In the time domain, each of these force pulses
was a half-sine shaped, with a maximum magni-
tude of 1.0 3 104 N, and a duration of 0.15 ms.
The purpose of exciting the cylinder by two oppo-
sitely in-phase radial forces is to enhance the
response of the ovalling mode (as well as that of
all even cross-sectional modes). Figure 13
(left) illustrates the overall vibration of the cylin-
der, whereas on the right-hand side of the figure

is shown the deformation of its cross-sectional
surface at a distance of 15.0 cm above the plane
of application of the excitation forces (dotted
line).

CONCLUSIONS AND FUTURE WORK

The objective from the investigation conducted in
this study was to identify the vibrational modes
that are excited in a palm tree trunk subject to a
radial mechanical excitation and to study their
attributes in terms of shape, frequency, and damp-
ing characteristics. Special emphasis was placed
on the cross-sectional expansion “ovalling”
mode, the vibration of which is considered as
local as it is less affected by the axial extent of
the tree trunk. From knowledge of the vibrational
behavior and frequency of this particular mode,
and which depends on the cross-size of the
palm tree trunk, it may be possible to establish
a correlation between the severity of rot attack
in the trunk and the frequency of the ovalling
mode.
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Abstract. Laminated timber is a wood composite made by multiple-layering of small-square timber. Lami-
nated timber was produced as a substitute for glulam or large-section timbers. Existing studies have shown
that laminated timber has potential as a structural member, but experiments on joints for using laminated tim-
ber as a structure are insufficient. Slotted-in steel plates type joint are commonly used among various types of
joints for timber owing to their outstanding strength and stiffness. However, they are vulnerable to cyclic loads
such as earthquakes, and to brittle fractures due to the bearing deformation of the wood given the large differ-
ence in stiffness between the wood and the joint composed of metal fasteners and steel plate. Since brittle
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fractures cause a large decrease in joint capacity, many studies are being conducted to solve this problem.
Among them, carbon fiber-reinforced plastic (CFRP) is used as reinforcing material due to its excellent
strength characteristics, but experiments on the performance of column-beam joints reinforced with CFRP
joints are insufficient. Therefore, this study evaluates the moment capacity according to CFRP reinforcement
ratio of the drift pin larch beam-column joint with slotted-in steel plates of larch laminated timber. The main
strength characteristics and seismic performance of the joints were calculated using the elasto-plastic model.
There was almost no difference in strength between the control specimens and the joints composed of glu-
lams. The strength gain of the joints of the larch laminated timber was greater when glulam and laminated tim-
ber were reinforced with CFRP of the same volume ratio compared with CFRP reinforcement. Unlike the
specimens wrapped in CFRP in the previous study, the moment of resistance specimens reinforced with
CFRP were improved without any reduction in yield strength and ductility ratio, and it was confirmed that the
failure mode was improved. Through the experimental results, it was confirmed that the internal reinforcement
method of CFRP contributes to the performance improvement of the joint.

Keywords: Laminated timber, timber dowel-type joints, reinforcement, elasto-plastic analysis, failure
mode, ductility.

INTRODUCTION

In modern heavy wood structures, a frame com-
posed of large-section columns and beams gener-
ally supports the load, and large-section timber or
glulam are used as structural members. However,
in the case of large-dimensional member, drying
stress occurs in the timber due to the difference in
MC between the surface and inner layers during
drying, leading to the easy occurrence of drying
defects. Based on the thinning method that is used
in low value-added industries in Korea such as
chip production, larch small-square timber can be
fabricated into a wood material similar to large-
section member by creating laminated timber
through multilayering. However, in order for lam-
inated timber to be used as a structural member, it
is necessary to review the strength performance
compared with other members such as glulam.
According to a previous study, Lee et al (2019)
evaluated the bending performance of laminated
timber manufactured by bonding two small-
square timbers to use as a heavy timber structural
member with laminated timber and various rein-
forcements. As a result of the experiment, the
laminated timbers showed sufficient potential as
structural members compared with glulams. How-
ever, the joints must be considered in addition to
the structural members as main factors for the
design of a building. The joint is an important fac-
tor when designing a heavy timber structure using
larch laminated timber. This is because it can
determine the overall strength and performance,
but is considered a highly vulnerable area in

extreme situations like earthquakes (Huang and
Chang 2017). When a seismic load occurs on a
heavy wood structure with a drift pin larch beam-
column joint with slotted-in steel plates, bending
moment acts. When a load exceeding tension per-
pendicular to grain and longitudinal shear
strengths of timber, which is a particularly vulner-
able point in wood, is applied, brittle failure
occurs at the joint, and there is a risk of collapse
of the structure (LAM et al 2008). Therefore,
many studies have been conducted to suppress
brittle fractures. Various reinforcement methods
are implemented to solve the problems in
existing joints for wood. Among them, carbon
fiber-reinforced plastic (CFRP) has been widely
used as a reinforcing material for wooden build-
ing members owing to its excellent strength
capacity and fire resistance. Xiong et al (2017)
applied a horizontal cyclic load after wrapping
the CFRP around the joint to improve the lateral
resistance performance of the timber beam and
post structure. As a result of the experiment, the
reinforcement of CFRP around the joint showed a
tendency to increase the maximum strength
capacity of the joint and suppress the brittle frac-
ture. Yang et al (2019) confirmed the superior
performance of CFRP by conducting cyclic tests
on joints with multiple reinforcement methods for
preventing the loss of joint capacity due to struc-
tural damage during earthquakes. However,
Xiong et al (2017) showed disadvantages of the
reinforcement method, that wrapping CFRP low-
ered the yield moment and ductility ratio and had
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poor aesthetics. In the experiment of Yang et al
(2019), the yield strength increased, but the duc-
tility ratio decreased in some specimens. To check
the effect of CFRP insertion reinforcement on the
performance of wood joints, Lee (2021) con-
ducted the bearing strength test on larch square
timber inserted and reinforced with different
CFRP reinforcement ratios. Additionally, the ten-
sile shear capacity of the single-bolt joint, which
was reinforced by inserting and bonding CFRP
with a slit within the member by changing rein-
forcement positions, was examined. The bearing
strength experiment confirmed that the wood
bearing strength increased with the increase in the
CFRP reinforcement ratio. Additionally, through
the tensile-type shear strength test, it was con-
firmed that the insertion of CFRP reinforcement
improved the maximum shear strength and yield
shear strength, and there was no significant differ-
ence in bonding strength according to the inser-
tion reinforcement position. Previous studies
focused on evaluating laminated timber as a struc-
tural component or joints with reinforcement
wrapped around the external joint or with inser-
tion reinforcements. Even with insertion rein-
forcement, it focused on the evaluation of the
joint strength of a single bolt joint. There have
been few studies on the joint behavior of struc-
tures with insertion of CFRP reinforcement.
In this study, cyclic tests were carried out to con-
firm the moment of resistance capacity according
to CFRP reinforcement ratio of beam-column

joints with slotted-in steel plates of larch lami-
nated timber.

MATERIALS AND METHODS

Specimen production

Larch laminated timber was manufactured by
multi-layering Larix Kaemferi Carr small square
timber, as shown in Figure 1. The modulus of
elasticity of each member used to prepare the
specimen was 10 GPa, the average moisture con-
tent was 16 6 0.9 % and the average air-dried
gravity was 0.52 6 0.03 (adding coefficient of
variation data for the listed sample properties).
The modulus of elasticity of each member was
measured using a non-destructive method by the
natural frequency of the longitudinal vibration.
Phenol-resorcinol-formaldehyde (PRF) adhesive
was used for adhesion by applying 400 g/m2 of
the adhesive on one side with 1.0 MPa pressure
(Lee et al 2019). Pre-drilling for slit and drift pin
insertion in laminated timber CFRP reinforcement
and steel plate insertion was precision machined
with a Computer Numerical Control (CNC) pre-
cutting machine (K2i 1259, Hundegger). Eight
fastener holes with a diameter of 16 mm were
pre-drilled in the column-beam joint to prepare
the larch laminated timer specimen for the
moment of resistance test. The edge distance and
end-distance of the joint and row spacing between
the fasteners were designed as 3.5 D (DL diame-
ter of the drift pin, 16 mm). The SS275 drift pin,
16 mm in diameter and 170 mm in length (based
on the KS D 3503 standard), was used as a beam-
column joint fastener. The slotted-in steel plate
was used as the joint, and the inserted SS275 steel
was 440 mm 3 220 mm and 8 mm thick, a rolled
steel also based on the KS D 3503. For each steel
plate, 16 holes with a diameter of 17 mm were
pre-drilled for the drift pin group pattern of the
column-beam joint (Figure 2a). The center of the
control specimen was slit to a thickness of 10 mm
and a depth of 225 mm to insert a steel plate.
Subsequently, the steel plate was inserted to
prepare a specimen for the moment of resistance
test. For Type-A and Type-B specimens, a slit
with a thickness of 13 mm and a depth of 225

Figure 1. Production process of larch laminated timber
specimens.
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mm was machined in the center for reinforce-
ment. The Type-A and Type-B moment of resis-
tance specimens were reinforced with 1.4 mm
thick carbon fiber reinforced plastic (CFRP) at the
column-beam joint. The epoxy adhesive was used
for joining the timber and CFRP. The Type-A
specimen was prepared by inserting and joining
plate-type CFRP with a thickness of 1.4 mm at
2.5D (D: diameter of drift pin, 16 mm) left and
right from both sides of the steel plate slit and the
slit as the starting point (volume ratio of the joint
reinforced with CFRP: 3.6%). The Type-B speci-
men was prepared by inserting and joining the
plate-type CFRP at 1.5D and 3D from both sides
of the steel plate slit and the slit on the left and
right (volume ratio of the joint reinforced with
CFRP: 5.4%). A total of nine specimens were
prepared, three for each type of moment of resis-
tance specimens (Figure 2b).

Test Methods

Loading cell (TCL-100KNB, Tokyo Sokki Ken-
kyjo) with 100 kN capacity was used for the
cyclic test. The moment of resistance specimens

was rotated 90 degree before the test for the ease
of load application of the load cell. To fix the
moment of resistance specimens, the bottom part
of column member was fixed onto the stopper
using 12 mm bolts. Then, a cyclic load was
applied from the upper right corner of the moment
of resistance specimen.

A total of six 50 mm Tokyo Sokki Kenkyujo dis-
placement transducers were used to measure the
deformation caused by the moment increase of
the column-beam joint of the moment of resis-
tance specimen (Fig 3a). A data logger (TDS-
302, Tokyo Sokki Kenkyujo) and a computer
data acquisition system were used to identify the
displacement of each displacement transducer
according to changing load. Transducers were
installed as shown in Fig 3a to measure the defor-
mation according to the increase in the moment at
the column-beam joint of the moment of resis-
tance specimens. Transducer 1 was installed to
measure the horizontal displacement on the oppo-
site side of the beam, at which the load was
applied. Transducers 2 and 3 were attached to the
beam (D2 and D3 positioned at the center of the

TYPE BCON TYPE A
TYPE BCON TYPE A

(a) (b) 

Figure 2. Schematic diagram of moment resistance specimens: (a) shape of moment resistance specimens and (b) strengthen-
ing schemes.
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eight drift pins on the beam) and transducers 2
and 3 were installed to measure the vertical dis-
placement. Displacement transducers 4, 5, and 6
were fixed to the lower part of the column mem-
ber of the specimen with a stopper to correct
occurring deformations other than joint moment
deformation due to cyclic loads. The moment
value was calculated with the distance from the
center of rotation of the column member to the
point where the horizontal force was applied (h:
985 mm) and the load applied from the load cell.

The loading protocol of the cyclic test was based
on the standards of the AIJ (Architectural Institute
of Japan), and the positive and negative cycles,
corresponding to the rotation angles of 61/600,
61/450, 61/300, 61/200, 61/150, 61/100, 61/
75, and 61/50 rad, were applied three times. The
test was terminated when the load was reduced to
80% of the maximum load in the positive direc-
tion (Fig 4). Details of loading procedure for each
cycle are shown in Table 1. The loading speed
was set at 40 mm/min. The rotation angle (w)

Column

Beam

985

220

1000

220

D1

D2

D3D4

D5
D6

LOAD

(a) (b) 

Figure 3. Test set-up for moment resistance performance test (Lee et al 2017): (a) measurement of joint rotation (schematic
drawing) and (b) photograph of moment resistance specimens.

Figure 4. Loading protocol according to Architectural Institute of Japan.

18 WOOD AND FIBER SCIENCE, JANUARY 2022, V. 54(1)



between the column and beam member was cal-
culated by Eq 1.

w5 tan21 H12H3

h

� �
(Eq 1)

Calculation Method of Strength Properties
of Joints by Elasto-Plastic Model (Bilinear
Method)

The strength characteristics of the joint were cal-
culated using the elasto-plastic model (bilinear

method) according to AIJ (Park et al 2014). The
bilinear curve was originally designed for con-
crete and steel systems. It is assumed that the area
under the test curve is the same as the area under
the bilinear curve by two straight lines, and this
method the behavior of the structure that separates
the elastic and plastic regions (Mu~noz et al 2008)
(Fig 5). The envelope curves were obtained from
a moment-rotation angle curve. The Mmax (maxi-
mum moment), umax (maximum rotation angle),
My (yield moment capacity), uy (yield rotation
angle), R (rotational stiffness), Mu (ultimate
moment), uu (ultimate moment rotation cycle), uv
(elasto-plastic model�s yield point rotation angle),
and m (ductility ratio) were calculated after the
envelope curves were obtained from the moment-
rotation angle curve (Lee et al 2017; Beak and
Iimura 2009).

RESULTS AND DISCUSSION

Evaluation of Joint Capacity

Maximum Moment and Failure mode. The
moment-rotation relations were established from
the load-displacement data recorded during the
cyclic tests. The maximum moment was calcu-
lated from the maximum load when the forward

Table 1. Horizontal displacement according to drift angle.

Drift angle (rad.) Horizontal displacement (mm) Cycle number

1/600 1.64 3
1/450 2.18 3
1/300 3.27 3
1/200 4.93 3
1/150 6.57 3
1/100 9.85 3
1/75 13.14 3
1/50 19.7 3

Failure 1

w 5 Rotation angle between column and beam members;
H15 Horizontal displacement of transducer 1; H35
Horizontal displacement of transducer 3; h 5 Distance from
the center of rotation to the point where the horizontal force is
applied (985 mm).

S

0.1Mmax

0.4Mmax

0.8Mmax

0.9Mmax

y

Mmax

u

My

Mu

Figure 5. Estimation method for the joint capacity (Lee et al 2017).
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horizontal force was applied after repeating the
positive and negative cycles three times. Figure 6
shows the moment-rotation angle curves of each
specimen according to the cyclic test standard.
The average maximum moment of the control
specimen was 16.9 kN�m. When compared with
the beam-column joint with slotted-in steel plates
using glulam by Lee et al (2017) and Jung et al
(2016), the applicability of the laminated timber
joint was confirmed. Generally, when an external
force is applied to the drift pin joint with slotted-
in plates, the surface of the wood is pressed by

the drift pin, causing deformation. Deformation
by such bearing significantly affects the strength
and rigidity of the joint. The bearing strength
refers to the yield strength per unit area when the
wood is pressed by fasteners such as drift pins.
For the control specimen, as the column member
rotated by the horizontal force, the bearing was
generated in wood, which had relatively weak
bearing strength compared with the steel plate
and drift pin, causing cleavage cracks in the end
distance direction. As the load gradually
increased, the cleavage cracks increased along the
drift pin row of the column member. The rotation
of the column member then generated the bear-
ing, resulting in a secondary fracture (Fig 7a).
According to Gehloff et al (2010) and Yang et al
(2019), splitting failure occurred in the column-
beam joint of the unreinforced moment of resis-
tance specimen in the cyclic tests, which was also
observed in the control specimen in this study.
Type-A and Type-B specimens reinforced with
CFRP exhibited higher maximum moments than
the control specimens. The average maximum
moment of the Type-A (volume ratio of the joint
reinforced with CFRP: 3.6%) was 24.6 kN�m,
which was improved by 46% compared with that
of the control specimen. All Type-A specimens
tended to suppress the splitting failure in the
beam members owing to the reinforcing effect of
the CFRP. In the Type-A1 specimen, cleavage
cracks generated from the cross-section of the
column member gradually increased along the
drift pin row until the test was terminated, result-
ing in splitting failure after 0.07 rad, and the
Type-A2 specimen exhibited a similar failure
mode (Fig 7b). In Type-A3, cleavage cracks
occurred, but the cleavage cracks did not increase,
and splitting failure occurred after 0.14 rad.
(Fig 7c).

The maximum moment of the Type-B (volume
ratio: 5.4%) specimen was 27.3 kN�m, which was
improved by 62% compared with that of the con-
trol specimen. In the Type-B1 specimen, the net
tension failure occurred in the beam member (Fig
7d). When the structure rotated, the beam member
may have received a tensile force, leading to a
failure in the direction perpendicular to grain of

(a)

(b)

(c)

Figure 6. Moment-rotation angle curves: (a) control—non-
reinforced joint, (b) Type-A—carbon fiber-reinforced plastic
(CFRP) reinforcement volume ratio 3.6%, and (c) Type-B—
CFRP reinforcement volume ratio 5.4%.
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the beam member. The Type-B2 specimen exhib-
ited splitting failure after 0.08 rad, and the failure
was similar to that of the Type-A specimen. The
Type-B3 specimen may have exhibited sufficient
ductility because the CFRP reinforced at the joint
suppressed the brittle failure of the member (Fig
7e). Thus, the CFRP suppressed the splitting fail-
ure by improving the joint capacity of the
column-beam joint, showing a similar trend to the
studies by Xiong et al (2017) and Yang et al
(2019). Furthermore, as the reinforcement ratio of
the CFRP increased, the joint capacity and ductil-
ity were improved, and the failure was suppressed
in the end distance direction.

Cyclic Stiffness. When each cycle (1/600 rad.
�1/50 rad.) was repeated three times according to
the cyclic test standard, high stiffness was
observed in the first cycle for each cycle. How-
ever, as the cycle was repeated, the bearing was
generated on the surface of the wood by the drift
pin, resulting in a gap between the drift pin and
wood. This gap was continuously widened as the
cycle was repeated, causing a decrease in stiff-
ness; a brittle failure may occur. When a brittle
failure occurred in wood, the stiffness was signifi-
cantly decreased. Figure 8 shows the cyclic stiff-
ness for the first cycle of each cycle of the control,
Type-A, and Type-B specimens. The cyclic

Figure 7. Failure mode of moment resistance joint specimens after test: (a) general failure mode of control specimens,
(b) Type-A1, A2 specimens, (c) Type-A3 specimen, (d) Type-B1 specimen, and (e) Type-B3 specimen.

Figure 8. Stiffness variation according to the rotation angle.
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stiffness, used to evaluate the stiffness degrada-
tion experienced by specimens, is calculated for
each cycle as the slope of the line connecting the
origin with the two points of loading correspond-
ing to the maximum positive and negative
displacements (Poletti et al 2016). Although the
stiffness decreased with cyclic loading of all
specimens, splitting did not appear until 1/50 rad.
In this study, the stiffness tended to decrease as
the test was repeated. The cyclic stiffness of
the control specimen was 262.4 kN�m/rad. The
Type-A and Type-B specimens showed superior
cyclic stiffness than the control specimen in all
sections, which were improved by 30% and 89%,
respectively, compared with that of the con-
trol specimen.

Elasto-plastic analysis. When the joint is sub-
jected to repeated loads such as earthquakes, stiff-
ness, which is a characteristic in the elastic region,
is important, but the behavior after passing the
yield point is also important (Gehloff et al 2010).
The ductility indicates how much deformation a
structure can undergo without breakage (strength
loss),and is an important evaluation index of seis-
mic performance. Ductility is crucial in design as
the ductile behavior of structures increases the
ability to absorb energy if the structures exhibit
ductile behaviors. The ductility is largely divided
into displacement ductility and energy ductility,
and in general, ductility ratio means the degree of
displacement ductility. Ductility ratio was calcu-
lated through the elasto-plastic model (Table 2).

In this experiment, the ductility ratio refers to the
ultimate moment angle divided by the yield

moment rotation angle of the elasto-plastic model.
For the reinforcement of the column-beam joint,
Lam et al (2008) reinforced the self-tapping screw
to improve the joint capacity and ductility of the
dowel-type column-beam joint with slotted-in
steel plates. They determined that the maximum
moment and yield moment were improved by
75% and 22%, respectively, compared with that
of the nonreinforced joint. Compared with the
reinforcement method of Yang et al (2019) and
Xiong et al (2017), the insertion reinforcement
effect was slightly improved. In this study, the
Type-A and Type-B specimens reinforced with
CFRP exhibited superior strength and stiffness
than the control specimen. The yield moment of
the control specimen was 9.3 kN�m, the ultimate
moment was 15.86 kN�m, and the ductility ratio
was 2.13. The Type-A specimen showed an
improved yield moment by 43% and cyclic stiff-
ness by 58% compared with the control specimen,
and the ductility factor was approximately 7%
higher.

The Type-B specimen showed the highest joint
capacity, and the yield moment was not signifi-
cantly different from that of the Type-A speci-
men. However, the cyclic stiffness and ductility
rate were 98% and 17% higher than those of the
control specimen, respectively. Through this, it
was confirmed that the yield moment and ductility
ratio were improved as the reinforcement ratio of
CFRP increased.

CONCLUSION

#1. Laminated timber is a wood composite made
by multiple-layering of small-square timber.
Unreinforced laminated timber moment of resis-
tance specimen showed similar moment of resis-
tance performance and failure mode as glulam
specimen, which confirmed the potential use of
laminated timber structures.

#2. The improvement in the bearing strength of
the wood in the moment of resistance specimen
was achieved through the insertion of CFRP rein-
forcement. This effect restrained the generation of
a change in bearing from a large stiffness differ-
ence between the wood and metal fastener, which

Table 2. Elasto-plastic results of the moment specimen
joints.

Control Type-A Type-B

My (kN�m) 9.3 (13.2) 13.4 (13.3) 13.7 (17.0)
uy (rad.) 0.037 0.034 0.028

R (kN�m/rad.) 255.6 403.9 507.3
Mmax (kN�m) 16.9 (14.7) 24.6 (15.8) 27.3 (8.0)
umax (rad.) 0.097 0.092 0.086
Mu (kN�m) 15.86 21.68 22.57
uu (rad.) 0.13 0.125 0.117
uv (rad.) 0.061 0.055 0.047

m 2.13 2.27 2.48
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restrained splitting. Accordingly, high stiffness
and the maximum moment capacity were gained.

#3. The reinforcement effects of CFRP were
observed in the initial elastic region and the plas-
tic region. The CFRP dispersed the stress concen-
tration at the junction, increasing the ductility
ratio. Higher ductility was observed with the
increase in the CFRP reinforcement ratio.
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Abstract. USmanufacturers are looking to expand the use of cross-laminated timber (CLT) panels into the
North American market, including states located in the southeast where termites are important pests. How-
ever, there is no current assessment method for determining CLT vulnerability to the highly destructive native
termites found in many states across the United States. The impact of damage by these termites is of particu-
larly high interest in areas with suitable climate to their proliferation, such as the southeastern United States.
This study evaluated durability of CLT panels and developed a laboratory assay to test susceptibility of this
product to termites. Untreated CLT suffered mass losses of up to 5.8% in testing with an average visual rating
of 7.2, indicating a moderate to severe attack with 10-30% of the cross section of the product affected by ter-
mite intrusion. Recommendations were developed for the inclusion of modifications presented in standardized
testing protocols and will be presented to standards organizations. The proposed method may also be applied
to evaluate termite resistance of other mass lumber products such as laminated veneer lumber andGlulam.

Keywords: Cross-laminated timber, subterranean termites, laboratory assay, wood durability.

INTRODUCTION

Cross-laminated timber (CLT) has gained attention
from the “green” building movement as a renew-
able prefabricated panel material with excellent
thermal insulation, sound insulation, and fire
restriction qualities (Laguarda-Mallo and Espinoza
2014). Other advantages include the ease of han-
dling on-site and considerably lower weights than
precast concrete. These characteristics make CLT
panels ideal for rapid construction of modular

buildings, including apartment/condominium struc-
tures (Van de Kuilen et al 2011; Smyth 2018).

Construction of numerous single and multilevel
buildings in Europe and North America has pro-
vided real-world examples of the uses and benefits
of CLT products. As investors are always searching
for newmarkets, manufacturers have looked toward
expanding the use of this product into the North
Americanmarket, including the southeasternUnited
States (Grasser 2015). As the adoption of CLT con-
struction expands, so does the need for research
focused on specific regional hazards or conditions.

Seismic design factors, R-factor, elastic properties,
responses to fire, structural properties, and some
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strength properties have been examined for CLT
(Steiger et al 2008; Frangi et al 2009; Ceccotti et al
2010; Gulzow et al 2011; Popovski and Karaca-
beyli 2012; Pei et al 2013; Shen et al 2013; Gavric
et al 2014; He et al 2020). Durability of panels has
been examined regarding the delamination and
bonding pressure, with increased bonding pressure
resulting in lower incidence of delamination (Lim
et al 2020). Durability studies with decay fungi
have established that CLT left untreated and
unprotected from water intrusion is susceptible to
deterioration (Singh et al 2019). In addition, others
have investigated the durability of CLT against
weathering and wood-decaying fungi (Cappellazzi
et al 2020; Sinha et al 2020; Bobadilha et al
2021). However, the extent to which termites may
damage CLT in use is still under investigation
(Mankowski et al 2018; Oliveira et al 2018).

Subterranean termites are found in most of the
United States but are most common in the south-
ern states. The warm and moist environment of
the southern United States is the preferable cli-
mate for subterranean termites, increasing the
chances of termite infestation in wood structures.
The continental United States has four hazard
zones for the risk of termite infestation, which are
based on climate (Peterson et al 2006), and this
risk must be taken into account when expanding
CLT building to the southern region of the United
States. The economic impact of termite damage
in wood products in the United States is estimated
at $1 billion to $7 billion when repair costs are
included (Rust and Su 2012).

Wang et al (2018) summarized the main biological
risks related to the use of mass timber. The risk of
termite attack should be considered especially
now that CLT buildings are being placed in areas
of increased termite hazard. However, only pre-
liminary studies have been conducted to evaluate
the resistance of CLT to termite attack in labora-
tory assays (Stokes et al 2017; França et al 2018a,
2018b). Testing wood products for susceptibility
to termite attack is standardized by the American
Wood Protection Association (AWPA) standard
method E1-17 (AWPA 2020) and by the Ameri-
can Society for Testing and Materials (ASTM)
standard method D3345 (ASTM 2017). However,

neither method offers parameters to accommodate
the increased volume of CLT as a material.
Although CLT can be tested at many dimensions,
based on the preferences of the researcher, this
study aims only to provide a starting point for
assessing termite attack on commercially available
CLT product, with number of lamina and overall
thickness as commonly applied in low to midrise
construction. At the same time, testing CLT at the
specimen size recommended in the standard tests
is not feasible, as it would not take into account
the volume or multiple layers of material within
CLT.

AWPA E1 calls for 400 individual termites per
test container, with no more than 10% soldiers
(AWPA 2020). Matching the increased scale of
the test piece would require approximately 27,000
termites for each container. Since that would
require collection of a termite population of
nearly 675,000 individuals for a test with five
treatments and five replicates, this scale is not fea-
sible. Therefore, data to support a modified testing
method is needed while still attempting to follow
an existing protocol (Hassan and Morrell 2021).

Expanding the range of use for mass timber prod-
ucts throughout the United States requires research
into the product’s resistance to specific regional
hazards. In addition, because CLT is a new product
to the United States, there is also a need to develop
new methods to measure termite damage, and to
be sure that traditional testing methods are still
applicable. However, modifications are necessary
to accommodate the larger CLT dimensions, and
the procedures should be repeatable and reliable.
The objectives of this study were to 1) evaluate the
resistance of untreated CLT to termite damage and
2) provide a baseline of adjusted methodology for
testing CLT panels exposed to termites under labo-
ratory conditions.

MATERIALS AND METHODS

Test Preparation

AWPA E1-17 (AWPA 2020) was used as a basis
for this study with modifications to the sample
and container size, amount of sand and water
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substrate, number of termites, and test duration.
CLT samples were prepared from sections of
3-ply spruce/pine/fir CLT panels obtained from a
western US commercial manufacturer. To mini-
mize the variability present in the material, sam-
ples within a test were taken from the same large
block providing each test with samples in all
treatments that had similar properties. For this
test, panels were cut to 10 cm 3 10 cm 3 2.5 cm
(length 3 width 3 thickness). This sample size
was chosen to demonstrate CLT in its full thick-
ness as shown in Fig 1. When placed in the test
containers, the widest face of the CLT sample
was placed in contact with the sand surface in the
test containers.

Native subterranean termites (species of Reticuli-
termes) were collected from logs found in the Sam
D. Hamilton National Wildlife Refuge, Missis-
sippi. For each phase of testing, termites were col-
lected from one population and used within 2 wk
of collection. Termites were separated from woody
debris by the cleaning methods recommended in
AWPA E1-17 (AWPA 2020) and maintained tem-
porarily on dampened coarse paper towel in cov-
ered containers.

Prior to this series of tests, preliminary tests were
conducted to select an appropriate container size,
and 4-L clear polycarbonate containers with a
tight-fitting lid were selected. A 1=499 hole for air
exchange was drilled in each lid. These holes were
then plugged with sterile cotton. Before starting the
test, samples were oven-dried at 60�C to a constant
weight. Five replicate CLT samples were used for
each set of conditions. Following testing, blocks
were again oven-dried at the same temperature to a
constant mass to determine mass change. The vari-
ables evaluated in this test series included 1) varia-
tion of number of termites, 2) amount of sand sub-
strate and water, and 3) duration of test. For each
test phase, replicate control containers were also
prepared without the presence of termites, to assess
the impact of the test conditions on the CLT sam-
ples. For every variable tested, a total of five repli-
cates were used and one container per replicate.
Each test container received the same soldier:-
worker ratio (not to exceed 10% soldiers) specified
in the AWPA E1-17 (AWPA 2020) standard.

Variable 1: Termite number variation test.
Termites were separated from the wood as
described earlier. Groups of 400, 600, 800, and
1000 termites were each counted three times and
weighed. The average weight was calculated. Ter-
mites were added to test containers based on
weight, which created some variation in the actual
number of termites per container. All containers
were prepared with 1500 g sand and 180mL ster-
ile distilled water and exposed for 4 wk, but each
treatment received a different number of termites.
The first group received the number of termites
stipulated by AWPA E1 (AWPA 2020), which is
400 termites (approximately 1 g), and the other
containers received 600, 800, or 1000 termites
(1.8, 2.4, and 3 g, respectively).

Variable 2: Substrate variation test. The amount
of sand and water recommended by AWPA E1-17
is 150 g and 27mL, respectively (AWPA 2020).
In the chosen 4-L container, this amount of water
and sand could not provide enough sand substrate
and moisture for termite survival. Four variations
were selected for comparison in this second phase
of testing: 375, 750, 1125, and 1500g of sand with

(a)

(b)

Figure 1. Comparison between cross-laminated timber
(CLT) and standard test samples: (a) CLT test block face
with dimensions of 10 cm 3 10 cm 3 2.5 cm (length 3
width 3 thickness); (b) American Wood Protection Associa-
tion (AWPA) E1-17 with sample size of 2.5 cm 3 2.5 cm 3
0.6 cm (radial3 tangential3 longitudinal).
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proportional increases of water (45, 90, 135, and
180mL, respectively). For this phase of testing, the
number of termites was kept constant at 1000 ter-
mites (3 g) in each container, and the test duration
was 4 wk.

Variable 3: Variation in duration of test. In
the third phase of testing, containers were prepared
using the amount of sand (1125g) water (135mL),
and termites (1000 termites) determined from
phases 1 and 2, and three test periods were com-
pared (4, 8, and 12wk). The recommended length
of testing in AWPA E1-17 is 4 wk (AWPA 2020).
This phase of testing was included to examine
whether the larger test container and larger wood
specimen would allow the termite population to
remain healthy and active for longer than the stan-
dard test period, and whether a longer test period
would result in increased damage to the CLT test
samples. This test was designed to identify the sig-
nificant differences between durations of exposure
for the visual rating and mass loss variables.

Analysis of Tested Material

Test containers were incubated in a dark room at
21�C and 64% RH. Containers were inspected
weekly throughout each phase of testing for signs
of mold or secondary fungal contamination, and
to verify that the termite populations were active.
At the end of each test phase, CLT samples were
removed and photographed. Living termites were
carefully knocked out of the blocks and counted
using an aspirator to collect the individuals. Test
samples were then cleaned of mud tubes and
debris and oven-dried under the same conditions
as the pretest (60�C to a constant weight). Sam-
ples were photographed and each sample was
examined and visually rated using the AWPA
E1-17 (AWPA 2020) visual ratings (Table 1).

Images taken from tested materials were grouped
into a single reference image, presented here in Fig
2. These images are presented here to clarify posi-
tioning and surface exposure and serve as guide-
lines for future research. CLT specimens from test
series shown in Fig 2 include the following: ter-
mite number variation test, sand-adjacent face (a)
and nonadjacent face (b); sand variation test, sand-

adjacent face (c) and nonadjacent face (d); time
variation test, sand-adjacent face (e) and nonadja-
cent face (f). Figure 3 demonstrates the damage
observed on multiple sides of CLT samples from
the termite number variation test, indicating an
active, foraging termite population. CLT images
shown in Fig 3 include the narrow faces of a single
specimen, with the top and bottom of the original
panel (a and c), and the cut edges (b and d).

Statistical Analysis

Statistical Analysis System Version 9.4 (SAS
Institute, Cary, NC) was used to analyze the dif-
ferences in termite number, substrate level, and
duration on response variables. Assumptions of
normality and homogeneity of variance (HOV)
were tested on raw data using the Shapiro–Wilk
test and Levene’s test, respectively. The threshold
for significance for all tests was set at a 5 0.05.
If assumptions were met, one-way analysis of var-
iance (ANOVA) was performed using PROC
GLM and then mean comparison was done with
LSMEANS. If assumptions were not met, loga-
rithmic transformation was used to normalize the
data. For visual rating data and data that could not
be normalized, Kruskal–Wallis H test, a nonpara-
metric equivalent of one-way ANOVA, was per-
formed. If the effect being analyzed proved to be
significant at a 5 0.05, then mean rank separation
was done using a Wilcoxon rank pairwise test
adjusted by the Bonferroni correction.

Table 1. Visual rating system according to AWPA Stan-
dard E1-17 (AWPA 2020).

Visual rating classification Rating

Sound 10
Trace, surface nibbles permitted 9.5
Slight attack, up to 3% of cross-sectional area

affected
9

Moderate attack 3-10% of cross-sectional area
affected

8

Moderate/severe attack, penetration, 10-30%, of
cross-sectional area affected

7

Severe attack, 30-50% of cross-sectional area
affected

6

Very severe attack, 50-75% of cross-sectional
area affected

4

Failure 0

AWPA, American Wood Protection Association.
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RESULTS AND DISCUSSION

Variable 1: Termite Number Variation Test

Table 2 summarizes mass loss, visual rating, and
termite mortality. The data set for mass loss on
phase 1 passed normality and HOV tests, so a

one-way ANOVA was used to compare the effect
of number of termites on mass loss. The average
mass loss of samples exposed to 1000 termites
per container (1.7%) was significantly higher than
the other treatments. There was no statistical dif-
ference between the samples exposed to 800 and

(a) (b)

(c) (d)

(e) (f)

Figure 2. Cross-laminated timber (CLT) specimens from tests series: termite number variation test, sand-adjacent face (a) and
nonadjacent face (b); sand variation test, sand-adjacent face (c) and nonadjacent face (d); time variation test, sand-adjacent face
(e) and nonadjacent face (f).
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600 termites per container (1.0% and 0.9%, respec-
tively). Blocks exposed to 400 termites showed a
significantly lower mass loss (0.5%) compared
with the other treatments. Damage in wood material

is often determined by observing mass loss, for
which the samples should be oven-dried to a
constant mass. The AWPA E1-17 recommenda-
tion for drying is 40�C in a forced-draft oven for

(a)

(b)

(c)

(d)

Figure 3. Example of termite damage on all sides of cross-laminated timber (CLT) samples from the test to evaluate termite
number: with the top and bottom of the original panel (a and c), and the cut edges (b and d).
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solid wood materials and 40�C or 103�C for
wood plastic composites (AWPA 2020). After
working with CLT specimens during this series
of tests, it was found that the CLT posttest speci-
mens could not be dried at 40�C in a reasonable
amount of time. Therefore, the recommended oven-
drying temperature was increased to 60�C 6 2 for
all tests. This temperature allowed CLT samples
to dry in a reasonable time but was not high
enough to damage samples resulting in cracks,
checks, or delamination.

CLT samples exposed to 1000 termites per con-
tainer received a significantly lower visual rating
(6.3) compared with the other treatments (Table 2).
According to the AWPA E1-17 visual rating, this
attack is classified as severe attack with 30-50% of
cross-sectional area affected (AWPA 2020). Blocks
exposed to 800 or 600 termites received visual
ratings of 7.2 and 7.1, respectively. This damage
is classified as moderate attack with 10-30%

of cross-sectional area affected. CLT blocks
exposed to 400 termites received an average
grade of 8.0 and the damage was classified as
moderate attack with 3-10% of the cross-sectional
area affected. There was no observed mortality in
the tested conditions.

Variable 2: Substrate Variation Test

After transforming percent mass loss data using
log10, assumptions of normality and HOV were
satisfied (Table 3). One-way ANOVA showed that
the effect of treatment was significant. A total of
1000 termites per container (approximately 3 g)
produced the highest mass loss percentage in phase
1. Wood specimens in containers prepared with
1125 g and 750 g of sand had 2.4% and 2.1%
mass loss, respectively, which was statistically
higher than containers with 375 g (1.5%) but was
not significantly different from containers with
1500g (1.9%). Containers with 1125g showed the

Table 2. The effect of termite number on mean and percent coefficient of variation (in parenthesis) of mass loss, visual rat-
ing, and termite mortality.a

Number of termites Mass lossb (%) Visual ratingb (AWPA E1) Termite mortality (%)

1000 1.7a (15.8) 6.3d (3.9) 0.0 (0.0)
800 1.0b (19.0) 7.2c (3.4) 0.0 (0.0)
600 0.9b (10.6) 7.1c (2.8) 0.0 (0.0)
400 0.5c (43.8) 8.0b (2.8) 0.0 (0.0)

No Termite Control 20.4d (225.8) 10.0a (0.0) N/A

AWPA, American Wood Protection Association.
a Test containers were evaluated at 4 wk and contained 1500 g sand and 180 mL of water.
b A significant difference among mean values in a column is indicated when no lowercase letters are shared (a 5 0.05).

Table 3. The effect of amount of sand on mean and percent coefficient of variation (in parenthesis) of mass loss, visual rat-
ing, and termite mortality.a

Amount of sand (g) Mass lossb (%) Visual ratingb (AWPA E1) Termite mortality (%)

1500 1.9ab (25.4) 8.0b (6.9) 0.0 (0.0)
1125 2.4a (7.2) 7.5b (5.5) 0.0 (0.0)
750 2.1a (12.0) 7.5b (6.0) 0.0 (0.0)
375 1.5b (30.6) 7.8b (5.1) 0.0 (0.0)

1500_C1 0.6c (39.9) 10.0a (0.0) N/A
1125 C1 0.6c (36.2) 10.0a (0.0) N/A
750 C1 0.7c (19.5) 10.0a (0.0) N/A
375_C1 0.7c (22.0) 10.0a (0.0) N/A

AWPA, American Wood Protection Association.
1 Control5 no termites, otherwise containers had about 1000 termites and were evaluated at 4 wk.
a Test containers were evaluated at 4 wk and tested with 1000 termites per container.
b A significant difference among mean values in a column is indicated when no lowercase letters are shared (a 5 0.05).
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lowest coefficient of variation (CV) among all
sand levels tested.

Test blocks in containers with 1500 g of sand
received higher average visual ratings (8.0) and
were classified as having moderate attack, with
3-10% of the cross-sectional area affected
(Table 3). However, no significant differences
were observed between sand levels for visual
ratings. Containers with 1125, 750, and 375 g
of sand (7.5, 7.5, and 7.8 visual rating, respec-
tively) were classified as severe attack, with
10-30% of cross-sectional area affected. No
termite mortality was observed in this phase of
testing. Even though no significant differences
were observed between the three different sand
levels (1500, 1125, 750 g of sand), 1125 g of
sand was used in the third phase of testing.

Variable 3: Variation in Duration of Test

The variation in exposure duration is presented in
Table 4. Since mass loss data in phase 3 were not
normal and did not pass HOV even after transfor-
mation, differences in time duration were tested
using the Kruskal–Wallis H test. Treatment was
significant and a Wilcoxon multiple comparisons
test was performed. Containers exposed to termite
infestation for 12 or 8 wk had significantly higher
mass losses (5.8% and 5.2%, respectively) than
those exposed for only 4 wk (3.6%). No termite
mortality occurred on wood in containers exposed
for 4 and 8 wk; however, a high termite mortality
(68.6%) was observed in containers exposed for
12 wk.

Although no statistically significant differences
were observed in mass loss data between test
samples exposed for 12 and 8 wk, the 8-wk dura-
tion had other advantages: 1) it was shorter,
thereby providing a faster turnaround time for test
results, 2) it produced lower CV values (4.2% vs
20.7% for 12 wk), and 3) it showed much lower
termite mortality (0% vs 68.6% for 12 wk).

Table 4 also shows the companion visual rating
data for exposure duration. Containers exposed for
4 and 8 wk had significantly higher mean visual
ratings (7.4 and 7.0, respectively) compared with
containers exposed for 12 wk (5.6). Containers
exposed for 4 and 8 wk had termite damage classi-
fied as moderate/severe attack with penetration
and 10-30% of the cross-sectional area affected.
Containers exposed for 12 wk had severe attack
with 30-50% of the cross-sectional area affected.

The results suggest that adjustments should be
made to the existing standard tests to provide a
basis for lab-scale testing of CLT, or that this mate-
rial requires such different handling that a new stan-
dard should be developed. AWPA E1-17 (AWPA
2020) was selected as the basis for this test design
since this standard is commonly used to evaluate
the resistance of solid and composite wood prod-
ucts to subterranean termites. AWPA E1, however,
was originally developed for wood products of a
uniform composition, for which a small sample
size is viable. CLT panels are a massive and hetero-
geneous product that should be tested at a size rep-
resentative of use conditions. Table 5 describes the
conditions from this series of testing that were

Table 4. The effect of exposure time on mean and percent coefficient of variation (in parenthesis) of mass loss, visual rat-
ing, and termite mortality.a

Treatment (weeks) Mass lossb (%) Visual ratingb (AWPA E1) Termite mortality (%)

4 3.6b (3.9) 7.4b (6.6) 0.0 (0.0)
8 5.2a (4.2) 7.0b (0.0) 0.0 (0.0)
12 5.8a (20.7) 5.6c (14.3) 68.6 (58.0)

4_C1 2.0c (6.5) 10.0a (0.0) N/A
8_C1 1.6d (6.1) 10.0a (0.0) N/A
12_C1 2.1c (5.8) 10.0a (0.0) N/A

AWPA, American Wood Protection Association.
1 Control5 no termites, otherwise containers had 3 g or about 1000 termites and 1125 g sand.
a Test containers had 1000 termites and contained 1125 g sand and 135 mL of water.
b A significant difference among mean values in a column is indicated when no lowercase letters are shared (a 5 0.05).
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determined to be suitable for the evaluation of ter-
mite damage on CLT at the bench scale.

When considering mass loss of CLT in an
AWPA E1 style test, and the mass losses typically
derived from testing solid wood in this test, a
trend in the end results has been observed. With
solid wood specimens of pine, spruce, and fir
using standard test dimensions, values obtained in
other studies were 40%, 23%, and 25%, respec-
tively (Arango et al 2006; Kose and Tylor 2012;
França et al 2016). In the AWPA E1 modified
test presented here, with CLT at larger dimen-
sions than the standard sample, the greatest mass
loss achieved was 5.8%. Mass loss results from
standard solid wood tests are much higher than
the values obtained in this study, possibly due to
the larger sample size used, or perhaps due to the
laminate characteristic of CLT.

It is clear, however, that testing CLT in this man-
ner should not be directly correlated to solid
wood tests conducted at standard sample dimen-
sions. Due to these differences and the lack of
laboratory-scale testing of CLT products to date,
it is unclear whether mass loss over time is a true
indicator of change in CLT due to termite feeding
behavior. It is also unclear whether mass loss is a
true indicator of MC in CLT, as wood layers and
glue lines exist at different moisture contents and
may have distinct variations in drying. Perhaps,
application of more precise technologies to mea-
sure volume loss and moisture changes should be
combined with mass loss for better evaluation of
termite damage on CLT samples.

For example, Arango et al (2016) evaluated the
resistance of laser marking on wood to termite

attack. Samples of solid southern pine wood and
plywood samples measuring 75 mm 3 37 mm 3
9 mm were marked with a laser and the laser-
marked surface was exposed to termites. In this
study, termite damage to the longitudinal wood
face, marked by a laser, was evaluated using per-
cent surface attack as analyzed by ImageJ software
rather than by mass loss. The larger scale of the
samples required a change in evaluation methods.
França et al (2019) used ImageJ to determine per-
cent cross-sectional area affected on CLT samples
subjected to termite attack. Percent cross-sectional
area affected by termite feeding, in conjunction
with mass loss and visual rating, resulted in a more
accurate determination of overall termite damage
in CLT than mass loss alone was able to describe.

This study outlines guidance for the laboratory-
scale testing of CLT. These recommendations are
meant to serve as a beginning for further testing
of CLT and other mass timber products, each
with their own characteristics that must be consid-
ered. In addition, test protocols for CLT exposure
to termites under laboratory conditions should
continue to be refined from the starting point pro-
vided here with comparison of other variables
such as MC of wood, MC of adhesive, thickness
of glue line, wood density, and wood grain orien-
tation included.

CONCLUSIONS

A termite assay was developed for testing 3-ply
CLT, a product that is heterogeneous in composi-
tion. This methodology can be used as a starting
point for the development of standardized proce-
dures to asses termite damage on CLT panels.

Table 5. Recommended modifications to the AWPA Standard E1-17 test method for evaluating termite damage to CLT
material.

Testing conditions AWPA standard Modifications for CLT samples

Oven-drying temperature 40�C 6 2 or 103�C 6 2 60�C 6 2
Wood sample size 2.5 cm 3 2.5 cm 3 0.6 cm 10 cm 3 10 cm 3 2.5 cm
Test container 80 mm 3 100 mm glass screw-top jars 4-L food-safe container
Sand and water 150 g/27 mL 1125 g/135 mL
Number of termites 400 1000
Test duration 4 wk Up to 8 wk

AWPA, American Wood Protection Association; CLT, cross-laminated timber.
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The evaluation of appropriate conditions to
compare the number of termites, amount of
substrate and moisture, and duration of testing
was completed. Adjustments to test conditions
are presented as a comparison with standard
test conditions in Table 5. Further testing is
underway, and additional testing is recommended
to continue the examination of all variables that
may influence testing, such as adhesive thickness
and type, MC, preservative treatment of wood
lamina, and wood species included in CLT.
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Abstract. Pine wilt is a lethal disease caused by the nematode Bursaphelenchus xylophilus. It causes tree
death by blocking water and nutrient uptake in pine trees. Pine trees infected by these nematodes are used
as fertilizer or fuel for thermal power plants, but their utilization is still only about 37%. To increase the uti-
lization of the infected trees, this study investigated whether the shredded wood chips prepared from them
could be used as raw materials for manufacturing thermomechanical pulp (TMP) and chemithermomechan-
ical pulp (CTMP). TMP and CTMP prepared from the infected pine chips showed fewer pitch contents and
better strength properties than those made from domestic pine. After refining, the infected chip could
reduce the sacrifice of fiber length more than the normal chip, and there was no remarkable difference
between the two chips in terms of optical properties.

Keywords: Pine wilt, nematode disease, thermomechanical pulp, chemithermomechanical pulp, pulp
strength.

INTRODUCTION

Pine wilt leads to a dramatic disease that typically
kills infected pine trees within a few weeks to a

few months. The causal pathogen is known to be
a thread-like nematode, Bursaphelenchus xylophi-
lus that blocks the passage of water and nutrients
and consequently kills the pine tree (Lee 2021).
Also, when the infected pine trees die, the insect
vectors move to other trees, so it is necessary to
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cut down all surrounding trees to prevent the
spread of the wilt worms (Rajotte 2017). A
relationship between pine nematode and pine
wilt disease was first reported by Japanese forest
researchers (Mota and Vieira 2008). Pine wilt
disease was evident only in East Asian countries
in the early days following its discovery. How-
ever, it is currently occurring mainly in East
Asia, North America, and Western Europe; Aus-
tralia and South America are classified as areas at
risk of pine wilt disease (Ikegami and Jenkins
2018).

It is difficult to use nematode-damaged pine beca-
use it must be fumigated, heat-treated, or chipped
to kill the pine nematode or its vectors (Moon
2007; Donald et al 2016). Damaged trees are
crushed and supplied as fuel for combined heat
and power plants, or used as fertilizer after com-
posting (Kim 2015). The tree loss due to pine wilt
disease reaches 106 m3 annually, which has
become a serious disaster for the coniferous forest
ecosystem (Chen et al 2021).

The pulp and paper industry, which consumes
more than 40% of the world’s industrial wood, is
considered to harm the environment (World Wild-
life Fund 2021). As of 2020, the wood self-
sufficiency rate in Korea is about 16%, of which
the self-sufficiency rate of wood for pulp produc-
tion is 9% including pine and oak trees, which
was 2125 3 103m3. In particular, the amount of
pine trees obtained through nematode control and
logging operations in areas affected by forest fires
is 18733 103 m3 and most of these pines are usu-
ally used for fuel.

There are various demands for domestic pine
trees for different purposes. And as a major
source of raw material for mechanical pulp in
Korea, there has been shortage in its supply (Lee
et al 2016b). Currently, there is one company in
Korea that manufactures about 67,000 tons of
thermomechanical pulp (TMP) annually using
domestic pine. Considering the yield of TMP,
more than 70,000 tons of pine logs are needed
every year.

In Korea, the area of pine forests continues to
decrease due to infection by wilt worms, climate

change, and forest transition. As it is becoming
increasingly difficult to secure raw materials
for TMP, it is now necessary to use not only
pine trees obtained from regular forestry manage-
ment activities but also those harvested from wilt
disease-affected areas.

The use of the nematode-damaged pine trees in
the pulp and paper mills will be relatively free
from raw material competition and environmental
impacts, and the virtuous cycle of resources will
lead to sustainable cyclical economic develop-
ment and value enhancement.

Paper is manufactured by using pulps prepared
through a mechanical or chemical pulping process
for wood chips, either separately or by mixing
them according to the final uses. TMP is a
method of mechanical pulping in which pressur-
ized steam is applied to raise the temperature of
the wood to soften the lignin, whereas chemither-
momechanical pulp (CTMP) also uses alkaline
chemicals such as NaOH and Na2SO3 during the
pulping process to soften wood chips and then
refines them to produce pulp with high yields
while reducing energy consumption and severe
fiber damage (Fiber lab 2013). These mechanical
pulps have higher yields than chemical pulps
and have the advantage of reducing pulp manu-
facturing costs (Sundholm 1999; Illikainen 2008;
Lee et al 2016b; Lee et al 2016c). During the man-
ufacturing process of TMP, high-pressure steam
treatment at 90-140�C and mechanical grinding
treatment such as refining are applied to pine chips
manufactured from wilt-damaged trees. It is possi-
ble to kill nematodes under such harsh manufa-
cturing conditions, so it will be possible to dispel
the concern about the spread of these nematodes
to the surroundings by the vector in the infected
pine chips.

In this study, TMP and CTMP were prepared from
Pinus densiflora obtained from forest regions dam-
aged by wilt nematodes, and the properties of
TMP and CTMP made from normal pine chips
were compared with evaluate the suitability of
nematode-infected pines as raw materials for TMP
and CTMP.
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MATERIALS AND METHODS

Raw Material

For the preparation of TMP and CTMP, pine chips
manufactured at Jeseoksan Mountain in Geoje-si,
Gyeongnam Province, were used. In this area,
more than 60% of pine trees were infected with
the wilt nematodes, and after clear-cutting, they
were chipped at the site (refer to Fig 1). The con-
trol chips were provided by Jeonju Paper Co.

Pretreatment of Wood Chips

Before manufacturing TMP and CTMP, the wood
chips were washed with water to remove contami-
nants and impurities. The washed wood chips
were impregnated at 40�C for about 12 h and
then placed in an autoclave (DS-PAC 40, Lab
house Co., Pocheon, Korea) and steam-treated at
90�C for 30 min. To further soften the preheated
wood chips, a laboratory digester (Duko, Daejeon,
Korea) was used to heat them at a liquid-to-wood
ratio of 4:1 and 120�C for 60 min.

To manufacture CTMP, NaOH and Na2SO3 were
further added to the digester at 3% based on the
oven-dried weight of the wood chips representa-
tively. Na2SO3 used in the CTMP process was
impregnated during pretreatment to soften the
chip, and NaOH maintained pH 9-10. This pre-
treatment caused less destructive separation of
fibers, with long fiber and a much lower shive

content. The pretreated TMP and CTMP raw
materials were refined under the same.

Refining

As shown in Fig 2, the pretreatment wood chips
were fed into a single disk refiner (KOS1, Kim-
hae, Korea) and refined several times at 1500 rpm
until there was little change in freeness. Stock
throughput was measured through the amount of
the stock discharged during refining, and the pulp
production efficiency was compared with the
power consumption. After refining, a small bun-
dle of wood fibers (shives) was removed using
the Sommerville Screen (DM-850, Daeil Machin-
ery Co., Daejeon, Korea) fitted with slots of a
width of 0.15 mm and a length of 45 mm. The
percentage of shives to TMP and CTMP remain-
ing on the slot plate was calculated as follows:

Shives contentð%Þ5
Dried fiber weight left on screen ðgÞ

Dried fiber weight ðgÞ before screening
3100

(1)

After removing shives, the pulps were further
refined using a valley beater (DM-822, Daeil
Machinery Co., Daejeon, Korea) up to the target
freeness, which was 150 mL CSF according to
ISO 5264-1.

Figure 1. (a) Piles of cut pine trees infected with the wilt nematodes, (b) pine wilt disease-disturbed forest after clear-cutting,
and (c) chipping of the infected pine trees.
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Measurement of TMP and CTMP
Properties

A fiber quality analyzer (FQA-360, Optest Equip-
ment Inc., Hawkesbury, Canada) was used to
measure the mean fiber length and fines contents.
For the measurement of physical and optical
properties of pulps, handsheets with 60 g/m2 were
produced. Tensile strength and tear strength were
measured based on ISO 1924-1 and ISO 1974,
respectively. Brightness and opacity were mea-
sured using the Elepho Spectrophotometer (Lor-
entzen & Wettre, Kista, Sweden).

Pitch Analysis

To analyze the pitch in TMP and CTMP, the anal-
ysis method applied by Nam et al was used
(2015a). Sudan IV dye was used to selectively
stain the hydrophobic pitch in TMP. Images of the
selectively stained pitches were acquired using a

stereomicroscope (Olympus BX51TF, Tokyo,
Japan). Pitch analysis was performed using image
analysis software (Axiovision, Carl Zeiss, Oberko-
chen, Germany).

RESULTS AND DISCUSSION

Chemical Characteristics of Infected
Wood Chips

Table 1 compares the chemical properties of the
control chips and the pine chips produced in the
wilt disease-disturbed region. The infected chips
had more cellulose and ash, and less lignin than
the control chips, although their hemicellulose
and extractives contents were similar.

Shives Content

Shives are fiber bundles that are not separated
into individual fibers during the mechanical
pulping process and can cause paper quality
and productivity problems. In making paper
using mechanical pulps, shives can lead to
machine breaks, coater scratches, pick-out, and
poor print quality (Pulmac International 2020).
Unfortunately, refining during the TMP process
does not break down all of the wood chips into
individual fibers.

Figure 3 is a graph comparing the shive contents
of TMP and CTMP prepared under the same con-
ditions using normal and infected chips. In both
TMP and CTMP, there was almost no difference
in the content of shives according to the type of
raw material. It is considered that the nematodes
simply block the passage of moisture and have lit-
tle effect on the structure of the pine tree itself.
Therefore, this means that the presence of pine
wilt disease rarely affects the formation of shives.

Fewer shives were detected in the CTMP samples
than in the TMP samples due to the lignin

Table 1. Chemical characteristics of pine chips.

Cellulose (%) Extractives (%) Hemicellulose (%) Lignin (%) Ash (%)

Wood chip 48.21 6 3.62 5.95 6 1.39 21.70 6 1.29 23.85 6 3.72 0.29 6 0.12
Infected chip 53.89 6 0.29 4.36 6 0.27 20.29 6 0.11 20.90 6 0.14 0.56 6 0.04

Figure 2. Single disk refiner fitted with thermomechanical
pulp (TMP) plate.
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softening effect of alkaline chemicals such as
NaOH and Na2SO3 (Lee et al 2016a).

Pitch Analysis

Pitch and stickies problems are the most common
issues in mechanical pulping and papermaking
(Gu�era et al 2005). The pitch formed in the paper-
making process directly affects the end products,
such as reduced productivity and sheet break, and
also shortens the lifespan of wire or felts, refiners,
and other processing equipment (Hoekstra et al
2009). Therefore, it is preferable to avoid includ-
ing tacky materials in the raw material as much as
possible.

Figure 4 shows the number and area of pitches per
unit area in TMP and CTMP manufactured from
two different raw materials. TMP and CTMP pre-
pared from the infected wood chips showed 27.7%
and 9.5% fewer pitches per unit area, and 39.0%
and 44.4% smaller pitch areas, respectively, than
the normal chips. Lipophilic extractives containing
pitches are known to cause problems in pulp and
paper mills, mainly in the form of deposits and
specks. As shown in Table 1, more contents of
extractives were detected in the normal chips than
in the infected chips, and it was considered that
more pitches and a larger area of pitches were

quantified in the TMP and CTMP prepared from
the normal chips. The pitch content of softwoods
varies depending on the species, age, and region,
but there is no direct relationship between the wilt-
damaged trees and the pitch content. Nevertheless,
it was confirmed that the infected trees used in this
study contributed to some extent in alleviating the
pitch problem in the manufacturing process of
TMP and CTMP.

Stock Throughput

Figure 5 is a graph comparing the stock through-
put (g/s) and the refining time consumed up to the
target freeness (150 mL CSF) when TMP and
CTMP were manufactured using the two types of
pine chips. In both TMP and CTMP, the amount
of pulp discharged within a certain period of time
was greater in the infected chips than in the nor-
mal ones. As shown in Table 1, the infected chips
contained a lower amount of lignin than the nor-
mal chips, and thus were considered to be more
easily refined, resulting in greater throughput.
There is no direct relationship between the wilt
nematodes and the lignin content, and it is known
that the lignin content varies depending on the
environment in which the infected tree grew.

Figure 3. Shives contents of thermomechanical pulp (TMP) and chemithermomechanical pulp (CTMP) manufactured from
the normal chip and the infected chip.
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The more lignin the wood chips have, the more
slowly the softening occurs. As a result, the swell-
ing of the wood tissue is also slower, requiring
more time for refining (Eriksson et al 1991).

Fiber Properties

Figure 6 is a graph comparing the mean fiber
length and fines contents of TMP and CTMP

prepared from normal and infected chips. Before
refining, the infected chips had shorter mean fiber
lengths than the normal chips. However, the
infected chips after refining, had longer mean
fiber lengths and fewer fines than the normal
chips. TMP made with the infected chips had
12.7% longer fiber length and 6.7% fewer fines
than TMP made using normal chips. CTMP made
with the infected chips had 21% longer mean

Figure 5. Stock throughput during refining of thermomechanical pulp (TMP) and chemithermomechanical pulp (CTMP)
manufactured from the normal chip and the infected chip.

Figure 4. The number and area in a unit area in thermomechanical pulp (TMP) and chemithermomechanical pulp (CTMP)
manufactured from the normal chip and the infected chip.
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fiber length and 13% fewer fines than CTMP
made with normal chips. The normal chips with
longer fiber length during the manufacturing pro-
cess of TMP and CTMP seemed to be refined
more coarsely than the infected chips, resulting in
shorter fiber lengths and more fines.

Fiber coarseness is an index that can indicate fiber
flexibility, and if the coarseness is low, the tensile
strength is improved due to the high flexibility of
the thin-walled fiber (Nordstr€om and Hermansson
2018). Figure 7 is a graph comparing fiber coarse-
ness of TMP and CTMP made with the normal
and infected chips. Fiber coarseness of TMP man-
ufactured from the infected chip was 11.5% lower
than that from the normal chip. Fiber coarseness

of CTMP manufactured with the infected chip
was 13.6% lower than that with the normal chips.

In conclusion, it was confirmed that the infected
chips from TMP and CTMP could reduce the
fiber length loss and contribute to the production
of fibers with low coarseness.

Strength Properties

Figures 8 and 9 show the tensile strength and tear
strength of TMP and CTMP manufactured from
two different raw materials. TMP prepared with
infected chips showed 12.7% and 2.6% higher
tensile and tear strength, respectively, than TMP
prepared with normal chips. CTMP made with

Figure 6. Mean fiber length and fines content of thermomechanical pulp (TMP) and chemithermomechanical pulp (CTMP)
manufactured from the normal chip and the infected chip.

Figure 7. Coarseness of thermomechanical pulp (TMP) and chemithermomechanical pulp (CTMP) manufactured from the
normal chip and the infected chip.
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the infected chips showed 87.1% and 10.3%
higher tensile and tear strengths, respectively,
than CTMP made with the normal chips. It was
considered that the infected chips could induce
more fiber-to-fiber bonding because they had lon-
ger fiber lengths than the normal chips even after
mechanical treatment such as refining.

Unlike other mechanical pulps, TMP requires
higher refining energy but can produce pulp
with longer fiber lengths and fewer shives and
fines, resulting in paper with higher strength.

Although this depends on the type of wood
species used as raw material, it was greatly
encouraging that the pine nematode-infected
chips used in this study showed higher tensile
and tear strength in TMP and CTMP compared
with normal pine chips.

Optical Properties

Table 2 shows the brightness and opacity of TMP
and CTMP manufactured from the two different
raw materials. There was little difference in the

Figure 8. Tensile Strength of thermomechanical pulp (TMP) and chemithermomechanical pulp (CTMP) manufactured from
the normal chip and the infected chip.

Figure 9. Tear Strength of thermomechanical pulp (TMP) and chemithermomechanical pulp (CTMP) manufactured from the
normal chip and the infected chip.
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whiteness and opacity of TMP and CTMP prepared
from the infected and the normal chips, respec-
tively. Factors affecting the optical properties of
mechanical pulp are very diverse. It is known
that these properties are greatly influenced by the
qualities of the raw materials, pulping, refining,
and chemical treatment eg bleaching (Nam et al
2015b). In particular, the content of lignin and
extract and the ratio of heartwood have a great
influence on the brightness of mechanical pulp
(Mishra 1990) However, the infected chips had
slightly less lignin and extract content than the
normal chips, but there was no remarkable differ-
ence in the brightness of TMP and CTMP.

CONCLUSIONS

After TMP and CTMP were prepared from wilt-
nematode-infected pine chips and normal pine
chips, their pulping properties were compared.
The infected chips had lower amounts of lignin
and extractives than the normal chips, leading to
the refining energy saving. The fiber lengths of
TMP and CTMP prepared under the same condi-
tions were longer and there were fewer fines in
the infected chips, and the shives content was also
lower in the infected chips. TMP and CTMP pre-
pared from the infected pine chips showed fewer
pitch contents than those from the normal chips.
Strength properties of the TMP and CTMP
showed better values in the infected chips than in
the normal chips, and there were no remarkable
differences in optical properties.
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Abstract. Many building users prefer wood over other building materials, but it is unclear how modified
wood is perceived compared with unmodified wood. Additionally, it is unclear which material properties play
a role in the general preference for wood, how tactile and tactile–visual perceptions of materials affect user
preference for wood, and whether human preference for wood is consistent across countries and cultures with
different wood use practices. One hundred older adults from Slovenia and Norway rated and ranked wooden
materials (ie handrails) made of either unmodified or modified wood and a stainless steel control sample.
The materials were rated on a semantic differential scale (capturing sensory and affective attributes) by each
participant twice: first, while only touching the materials and then while simultaneously touching and seeing
the materials. Finally, each participant ranked the handrails in order of preference. Wooden handrails were
generally more preferred than the steel sample. Preference ratings and rankings of modified wood were com-
parable to those of unmodified wood. Results were relatively consistent across both countries. Materials rated
as liked were perceived as somewhat less cold, less damp, more usual, less artificial, more expensive, and less
unpleasant. The ratings were fairly consistent between the tactile and tactile–visual tasks. In some indoor
applications, certain types of modified wood could be used in place of unmodified wood while meeting human
aesthetical preferences. Specific visual and tactile properties can predict material preference and could be con-
sidered in the material design phase. The tactile experience is important in overall material perception and
should not be overlooked. These findings seem to be stable across countries with different wood use practices.
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INTRODUCTION

People spend most of their time indoors, and
indoor environments can affect their health (Red-
lich et al 1997; Evans 2003). Focus in interior
design has shifted beyond approaches minimizing
harm, such as reducing outdoor noise, to creating
restorative environments that can induce positive
changes in well-being (Mcsweeney et al 2015;
Markevych et al 2017). In recent years, research
on restorative environments has begun to focus
on older adults. An overview of the topic by Roe
and Roe (2018) concludes that more attention
should be paid, among other things, to restoration
in residential (rather than natural) environments
and to sensory stimuli. According to the authors,
the residential environment, where older adults
spend much of their time, “arguably offers the
most important context for restoration,” whereas
“sensory stimulation in the living environment
triggers curiosity and, in turn, our motivation to
move around and explore” (490).

One of the main restorative design practices is to
bring elements of nature into indoor spaces, as
this can improve psychological and physiological
indicators of human well-being (Mcsweeney et al
2015). Comparable outcomes have been observed
when people were exposed to indoor wood
(Sakuragawa et al 2005; Fell 2010; Nyrud and
Bringslimark 2010; Burnard and Kutnar 2015;
Zhang et al 2016; Zhang et al 2017; Dematt�e et al
2018; Nakamura et al 2019; Burnard and Kutnar
2020; Lipovac and Burnard 2020; Lipovac et al
2020; Shen et al 2020).

According to stress reduction theory, the observed
positive response to nature is mediated by human
aesthetic preferences that are predominantly
innate (Ulrich 1983). The theory states that the
initial response to a natural setting is affective (eg
appreciation, interest), and that it precedes cogni-
tive appraisal of the scene. This response is eli-
cited quickly by different features of the natural
environment, including water and vegetation, and
many such (nonthreatening) features trigger a
positive response. The initial affective response,
along with one’s experience and culture, influen-
ces cognitive appraisal of the scene, which can

alter the initial affective state. The interplay
between affect and cognition culminates in moti-
vating (adaptive) behavior or functioning. The
main predictions of the stress reduction theory are
supported by findings showing that people from
different cultures prefer natural environments
over built environments (see Ulrich 1983, for a
brief overview), and the environmental preference
is positively associated with restoration (van den
Berg et al 2003) and perceived restorativeness of
the environment (Purcell et al 2001; Han 2010).
Similarly, spaces furnished with wooden materi-
als are perceived as more natural and preferred
than environments without wood (Sakuragawa
et al 2005; Nyrud et al 2014; Strobel et al 2017;
Dematt�e et al 2018). Improved indicators of well-
being and higher preference ratings have also
been observed when wood was experienced only
through touch (Bhatta et al 2017; Ikei et al 2017a,
2017b). These findings suggest that preference
ratings of environments and materials could be
used as an indicator of their potential restorative-
ness: investigating the perception of wood may
help create materials that are not only useful in
construction but may also contribute to restorative
environments.

Modified Wood and Human Preference

Wood is generally perceived as more natural and
liked than other common building materials
(Rice et al 2006; Burnard et al 2017; Ikei et al
2017b). Recently, however, a lot of attention has
been given to modified wood: wood that has
undergone modification process that enhances its
construction-related properties (Sandberg et al
2017). As a side effect, modification processes
change material properties directly available to
human senses, such as color, dryness, or rough-
ness (Esteves and Pereira 2009; Bakar et al
2013). Due to its enhancements, modified wood
can be expected to become more widely used in
the future, but few studies have examined how
people perceive it. Existing studies reported
promising results: professionals and lay users
liked certain thermally and chemically modified
wood samples similarly to other types of wood in
multiple settings (Gamache and Espinoza 2017;
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Lipovac et al 2019). However, more evidence is
needed to confirm these findings in other settings
and determine whether modified wood is suitable
for use in restorative environments.

Wood Properties and Human Preference

To determine whether materials can be used in
restorative environments, we need to explore
human preferences for materials and material
properties that affect these preferences, including
visual and tactile qualities of wooden materials,
such as color, grain patterns, and surface treat-
ments. People evaluate materials differently when
these properties change (Waka et al 2015;
Kidoma et al 2017). Studying these variations
could help us develop materials that are more
attractive to building users.

Human preference ratings (eg “like”) can be
viewed as the culmination of lower-level affective
attributes (eg “interesting”) and physical surface
perceptions (eg “rough”) (Okamoto et al 2016;
Kidoma et al 2017). Existing studies have identi-
fied certain properties of wood that are associated
with greater preference. When people sense wood
by touch, they prefer untreated wood surfaces
(compared with coated surfaces) (Bhatta et al
2017; Ikei et al 2017a), and their physiological
indicators of well-being tend to improve (Ikei et al
2017a). People generally prefer wood surfaces
they perceive as smoother (Jonsson et al 2008;
Waka et al 2015; Bhatta et al 2017), and some
evidence suggests this is also true for surfaces
perceived as a denser, warmer, damper, softer,
and more natural (Jonsson et al 2008; Waka et al
2015). In a study in which wood samples of out-
door tabletops were visually and tactilely
inspected and ranked according to preference,
greater preference was associated with perceived
surface dampness and with material colors that
were darker and closer to red on the green–red
color component (Lipovac et al 2019). Other fac-
tors additionally influence visual preference for
wood: people appear to prefer shinier and less
knotty surfaces as well as surfaces with homoge-
neous color (Nyrud et al 2008; Sande and Nyrud
2008; Høibø and Nyrud 2010; Manuel et al 2015;
Waka et al 2015). As relatively few materials

have been studied in few contexts, how material
properties influence preferences for wooden mate-
rials remains unclear.

The Relationship between Tactile and Visual
Domain in Material Evaluation

Wood treatments are usually used to improve the
performance of mechanical properties or to inhibit
degradation of wood, but they often also change
tactile properties, such as dampness. Moreover,
coatings are frequently used to improve the lon-
gevity of the wood and reduce surface roughness.
Such treatments might inadvertently negatively
impact the tactile experience of materials: when
touching materials, people rate unmodified as
more liked than coated wood (Bhatta et al 2017),
and their physiological state indicates greater
relaxation (Ikei et al 2017a). The importance of
focusing on surface texture to enhance the tactile
experience of materials has been highlighted by
Bhatta et al (2017). They argued that surfaces
should have qualities that are perceived as natural.
The significance of tactile material properties has
been further explored in studies examining the
consistency of perception between tactile and
visual modalities. In a study in which participants
rated naturalness of materials, ratings were con-
sistent between tactile, visual, and tactile–visual
experience of wood, suggesting that the tactile
experience of materials is a rich source of infor-
mation that is not substantially altered by the
visual information (Overvliet and Soto-Faraco
2011). The authors of the study concluded that
vision and touch are equally good at predicting
naturalness. It seems that the tactile domain plays
an important role in general material perception
and should be further explored in different con-
texts of wood use.

Potential Cultural Effect on Wood
Perception and Evaluation

Human affinity for natural elements may be wide-
spread, but the role of culture should not be over-
looked. When people observe wood, they can
struggle in separating natural from artificial mate-
rials (Overvliet and Soto-Faraco 2011), and their
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knowledge about wood treatments can influence
their perception of material naturalness (Rozin
2005, 2006). Perception of naturalness, in turn,
can affect preference (Jonsson et al 2008). When
participants from Slovenia, Norway, and Finland
rated several materials on perceived naturalness,
their ratings were generally consistent. However,
the ratings between participants from Slovenia
and the two Nordic countries diverged in certain
instances where processed wood samples were
rated: Nordic participants perceived these samples
as less natural than Slovenian respondents (Bur-
nard et al 2017). This divergence could stem from
differences in the knowledge and familiarity with
wood and wood processing between the country
populations, which, in turn, could result from dif-
ferent practices of wood use in these countries.
Wooden buildings have a rich tradition in the
Nordic countries (Mayo 2015), whereas in Slove-
nia, relatively little wood is used for structural
components of houses (Statistical Office of the
Republic of Slovenia [SURS]). If perceived natu-
ralness and general preference of materials may
vary between countries, studying wood perception
and evaluation in countries with different wood
use practices may help us reach stronger conclu-
sions about the (potentially) universal appeal of
wooden materials.

Objectives

The objectives of this study were to investigate 1)
general preference for modified wood compared
with unmodified wooden materials (and a non-
wood control sample), 2) the association between
perceived wood properties and wood preference,
and 3) the relationship between the tactile and
tactile–visual domain of material perception. To
extend the work of existing studies, wood samples
used were brought closer to real-life context by
using handrail samples instead of often used small
rectangular blocks of wood. The study was con-
ducted across two countries (Slovenia and Nor-
way) with different practices of wood use, to
explore possible cultural influences on perception
and evaluation of wood. The sample of participants
consisted of older adults, as they may physically
interact with interior materials more often than

other age groups (eg using assistive railings for
walking), and, consequently, contact with pleasant
materials may affect them more profoundly.

MATERIALS AND METHODS

Participants

One hundred older adults aged 60 yr or more
(M 5 68.46 yr, SD 5 7.23; 41 women) from Slo-
venia and Norway participated in the study. Par-
ticipants were eligible to participate if they had no
health impairments that could interfere with the
study protocol, such as severely impaired vision
or significant cognitive impairment. Subjects were
not compensated for participation. Before the test-
ing, subjects signed an informed consent form
explaining the study purpose and protocol, partici-
pants’ rights, and data management practice.

Slovenia. Fifty participants (M 5 71.14 yr,
SD 5 7.19; 27 women) were from Slovenia.
Thirty-four of them were recruited and tested in
an activity center for older adults (city of Koper),
which is visited predominantly by retired people.
The remaining 16 participants, who were tested at
their homes, were recruited through the social net-
work of the first author and through snow-
ball sampling.

Norway. Fifty participants (M 5 65.78 yr, SD
5 6.27; 14 women) were from Norway. Eight of
them were recruited and tested in various places
(eg coffee shop, mall, library) in the city of

Figure 1. Handrail samples (from left to right: unmodified
spruce, unmodified pine, acetylated radiata pine, thermally
modified pine, thermally modified spruce, stainless steel).
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Kristiansund. The other 42 participants, who were
part of the still-active faculty staff, were recruited
and tested at Norwegian University of Life Scien-
ces (city of Ås).

Handrail Samples

Six cylindrical handrail samples were prepared
(Fig 1); one was made of stainless steel and five
of modified or unmodified wood. Specifically,
we included handrails made of unmodified
spruce, unmodified pine, acetylated radiata pine,
thermally modified spruce, and thermally modi-
fied pine. The thermal modification was per-
formed using the commercial ThermoD process
at 212�C and superheated steam at the Heatwood
company (Hudiksvall, Sweden). The handrail
samples were 42 mm in diameter and 30 cm
long. Each sample was mounted on a wooden
base measuring approximately 30 cm 3 15 cm
3 5 cm, which was covered with white foil.

Semantic Differential Scale

Based on the previous work examining material
perception in general (Guest et al 2011; Baumgart-
ner et al 2013; Datta 2016; Okamoto et al 2016;
Kidoma et al 2017) and wood perception in partic-
ular (Overvliet and Soto-Faraco 2011; Waka et al
2015; Kanaya et al 2016; Bhatta et al 2017), we
selected sensory and affective descriptors that we
considered relevant in the assessment of the materi-
als used in this study. To each selected descriptor,
we added a polar opposite descriptor. Altogether,
we ended up with 11-word pairs, which captured
tactile sensory properties (ie rough—smooth,
warm—cold, dry—damp, soft—hard), affective
attributes (ie unusual—usual, natural—artificial,
cheap—expensive, pleasant—unpleasant, dislike—
like), and visual sensory properties (ie dark—light,
shiny—matte). The latter two-word pairs were
used only in the part of the study in which partici-
pants could visually inspect the materials. Subjects
responded to each word pair based on a five-point
scale that consisted of the adverbs “considerably
(eg rough),” “somewhat (eg rough),” “in the mid-
dle,” “somewhat (eg smooth),” and “considerably
(eg smooth).” The order between the presented

word pairs was kept constant throughout the study;
the word pairs followed each other in the same
order as presented in this section. The order of
descriptors within each word pair was also constant
and followed the order presented in this paragraph.
Note that to minimize possible effects of order
within word pairs, the position of descriptors (ie
left or right in the word pair) with positive and neg-
ative valence alternates among word pairs (eg the
first word pair contains “rough” with negative
valence on the left, the second word pair contains
“cold” with negative valence on the right, etc.).
The resulting scale was translated into Slovenian
(Table S1) and Norwegian (Table S2). For simplic-
ity, the remainder of this article presents only the
item from the right-hand side of the scale (eg
smooth) instead of the entire word pair
(eg rough—smooth) when referring to the scale
items.

Testing Procedure

The study consisted of three tasks. In the first task,
participants could touch (but not see) the materi-
als: they were instructed to keep their eyes closed
during the test. Based on their tactile experience
of materials, participants provided a response on a
five-point semantic differential scale that was read
to them. Responses were immediately entered into
a computerized version of the scale. After com-
pleting the tactile task, participants proceeded to
the second part of the study: tactile–visual task.
This task was identical to the tactile task, except
that the subjects could both touch and see the
materials. Materials were presented to each partic-
ipant in randomized order; however, for each par-
ticipant, the order from the tactile task was
repeated in the tactile–visual task, to allow for a
better comparison of results on the two tasks. The
third part of the study consisted of the ranking
task. Participants were presented with all the mate-
rials at once to inspect them tactilely and visually.
They were asked to rank the materials from most
to least preferred by placing cards with numbers
from one (most preferred) to six (least preferred).
In total, the study session lasted approximately 30
min per participant. All sessions were conducted
first in Slovenia and later in Norway.

49Lipovac et al—PERCEPTION AND EVALUATION OF (MODIFIED) WOOD

http://.../lookup/suppl/doi:XXX/YYYY.ZZZZ/-/DCSupplemental
http://.../lookup/suppl/doi:XXX/YYYY.ZZZZ/-/DCSupplemental


Statistical Analysis

The data were processed and analyzed in R 4.0.2
(Team R Core 2021) using R Studio 1.3.959 (R
Studio Team 2021) with the packages dplyr
(Wickham et al 2020), ggplot2 (Wickham et al
2019), rstatix (Kassambara 2020), and rcompan-
ion (Mangiafico 2019). Data from the entire
sample of 100 participants were available and
analyzed in all results presented below. There
were no missing values, as the responses from
subjects were entered directly into a computerized
tool, which did not allow progressing without
receiving a response.

We begin the analysis by examining the general
preference of materials. We first calculate means
and 95% confidence intervals (CI) for the scores on
the item “like” for each material, separately for the
tactile and tactile–visual tasks. We then test for dif-
ferences between these scores with pairwise t-tests.
The ranking task results present median ranks and
bootstrapped percentile CI, and we test for differ-
ences between the ranks with pairwise Wilcoxon
tests. For all tasks (tactile task, tactile–visual task,
and ranking task), we first analyze results from the
entire group of participants, continue with the anal-
ysis of results within each country, and conclude
with the comparison of results between the coun-
tries. Note that in between-country comparisons,
scores for each material are only compared with the
scores of the same material, in contrast with overall
and within-country comparisons, where scores for
each material are compared with scores of all other
materials.

The second section examines the association
between the scores on the “like” item and the
remaining items from the semantic differential
scale. We calculate Kendall rank correlation coeffi-
cients between scores on the item “like” and scores
on the other rating items, separately for the tactile
and tactile–visual tasks.

The third and final section examines the relation-
ship between the tactile and tactile–visual task
scores: we first compare the scores between the
tactile and tactile–visual tasks on all rating items
(except “matte” and “light,” which were not
included in both tasks) across all materials and

continue with computing Kendall rank correlation
coefficients between the scores of both tasks.

In cases where multiple significance tests were
used in the analysis (ie pairwise comparisons and
significance tests of correlation coefficients),
p values were adjusted with the Holm–Bonferroni
method.

Data, data analysis R code, and supplementary
tables are available in an open-access repository
(Lipovac et al 2021).

RESULTS

In the following sections, we first present results
on the preference of materials: scores on the item
“like” from the semantic differential scale (for
both tactile and tactile–visual tasks) and the ranks
from the ranking task. We continue by presenting
the association between scores on the item “like”
and the remaining rating items. Finally, we pre-
sent the relationship between the item scores on
the tactile task and the tactile–visual task.

Preference of Materials

The scores on the item “like” from the tactile and
tactile–visual tasks and the ranks from the ranking
task are presented in Table 1. In both the tactile
and tactile–visual tasks, all five wooden materials
were on average rated similarly, as somewhat or
considerably liked, whereas the stainless steel
sample was on average rated as “in the middle”
of the dislike–like item. Pairwise comparisons of
scores between materials are presented in Tables
S3 and S4. In both tasks, all wooden materials
were rated statistically significantly higher than
the stainless steel (median differences from 0.90
to 1.27, in all cases p , 0.001). In contrast, we
did not detect statistically significant differences
between ratings of wooden materials.

The results (Fig 2 and Tables S5 and S6) and
pairwise comparisons (Tables S7 and S8) within
each country show that the ungrouped scores
mirror the overall results. In each country,
wooden materials tend to be similarly liked and
more liked than the steel sample in both the tac-
tile and tactile–visual tasks. Some exceptions
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were observed in the Slovenian sample. In the tac-
tile task, Slovenian participants gave lower prefer-
ence ratings to unmodified spruce compared
with acetylated pine (mean difference 5 0.52
[95% CI 0.19, 0.85], p 5 0.026) and thermally
modified pine (mean difference 5 0.48 [95% CI
0.18, 0.79], p 5 0.027). In the visual–tactile task,
only unmodified pine (mean difference 5 0.84
[95% CI 0.37, 1.31], p 5 0.012) and acetylated
pine (mean difference5 0.80 [95% CI 0.30, 1.30],
p 5 0.035) had statistically significantly higher
preference scores than the steel sample.

Some differences were observed when the scores
on the “like” item were compared between the
countries (Fig 2 and Tables S9 and S10). In both
tasks, Slovenian respondents gave acetylated
pine (tactile task: mean difference 5 0.48 [95%
CI 0.14, 0.82], p 5 0.006; tactile–visual task:
mean difference5 0.78 [95% CI 0.39, 1.17], p,
0.001) and steel (tactile task: mean difference 5

0.94 [95% CI 0.43, 1.46], p , 0.001;
tactile–visual task: mean difference 5 1.06 [95%
CI 0.53, 1.59], p , 0.001) somewhat higher pref-
erence ratings than their Norwegian counterparts.
Additionally, unmodified pine (mean difference
5 0.56 [95% CI 0.19, 0.93], p 5 0.003) and ther-
mally treated spruce (mean difference 5 0.40
[95% CI 0.02, 0.79], p 5 0.042) received higher
preference ratings in the tactile–visual task by
Slovenian participants.

In the ranking task, thermally modified spruce
was on average ranked the highest, followed by
the three pine samples with the same median rank
and the unmodified spruce with the lowest median
rank among the wooden samples. Stainless steel
was on average ranked the lowest among all
materials. Pairwise comparisons (Table S11)
show that all wooden materials except unmodified
spruce were ranked statistically significantly
higher than the steel sample (median differences

Table 1. Mean scores on the item “like” from the tactile and tactile–visual tasks with 95% confidence intervals and median
ranks from the ranking task with bootstrapped percentile 95% confidence intervals.

Material Tactile task (“like” mean score) Tactile–visual task (“like” mean score) Ranking task (median rank)

Steel 3.01 [2.74, 3.28] 3.03 [2.75, 3.31] 6.0 [5.0, 6.0]
Spruce (thermally modified) 4.28 [4.10, 4.46] 4.02 [3.82, 4.21] 2.5 [2.0, 3.0]
Spruce (unmodified) 4.03 [3.81, 4.25] 3.93 [3.70, 4.17] 4.0 [4.0, 5.0]
Pine (thermally modified) 4.26 [4.08, 4.44] 3.97 [3.76, 4.18] 3.0 [3.0, 4.0]
Pine (acetylated) 4.20 [4.03, 4.37] 3.97 [3.76, 4.18] 3.0 [3.0, 3.5]
Pine (unmodified) 4.25 [4.06, 4.44] 4.12 [3.93, 4.31] 3.0 [3.0, 4.0]

Figure 2. Scores on the item “like” split by countries.
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from 1.5 to 2.0, in all cases p , 0.001). Specific
differences were also detected between wooden
samples: unmodified spruce was on average
ranked lower than the other four wooden materi-
als (median differences from 1.0 to 1.5, in all
cases p, 0.05).

In general, similar results were observed in the
ranks within each country (Fig 3, Table 2, Tables
S12 and S13), with some exceptions: Slovenian
participants gave unmodified spruce lower ranks
compared with all wooden materials except ther-
mally modified pine (median differences from 1.5
to 2.0, in all cases p , 0.01), and only thermally
modified spruce received higher ranks than the steel
sample (median difference 5 1.5 [95% CI 0.5,

2.5], 5 p 5 0.029). Comparisons between the
countries (Fig 3) revealed differences in the ranking
of two materials: compared with Norwegian
respondents, Slovenian participants on average
assigned higher ranks to steel (median difference5
0.0 [95% CI 0.0, 1.0]; p5 0.014) and lower ranks
to spruce (median difference 5 1 [95% CI 0.0,
2.0]; p 5 0.003).

Rating Items Associated with the Preference
of Materials

Table 3 presents Kendall rank correlation coeffi-
cients between the scores on the item “like” and the
remaining items for the tactile and visual–tactile
task. Correlation coefficients are similar across both

Figure 3. Ranks of materials split by countries.

Table 2. Ranks of mean and median ranks of each material for both countries.

Material
Rank of mean
rank—Slovenia

Rank of median
rank—Slovenia

Rank of mean
rank—Norway

Rank of median
rank—Norway

Steel 5 5.5 6 6.0
Spruce (thermally

modified)
1 2.5 1 1.0

Spruce (unmodified) 6 5.5 5 5.0
Pine (thermally

modified)
4 2.5 2 2.5

Pine (acetylated) 2 2.5 4 4.0
Pine (unmodified) 3 2.5 3 2.5

The values in the table were obtained by first computing mean and median ranks for each material (separately for each country)
and then assigning ranks to these mean and median ranks.
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tasks. In both tasks, materials rated as liked were
perceived as somewhat less cold, less damp, more
usual, less artificial, more expensive, and less
unpleasant. The statistically significant positive cor-
relation between scores on the items “like” and
“hard” was found only in the tactile task. We did
not detect statistically significant associations
between the “like” item scores and the scores from
the two items included only in the visual–tactile
task (ie “light” and “matte”). The correlation coeffi-
cients are generally small to medium; the only
exception is the negative correlation coefficient
between the scores on the items “like” and
“unpleasant,” which is larger.

The Relationship between Tactile and
Tactile–Visual Task Scores

The comparison of scores between the tactile and
tactile–visual tasks on all items (except “matte”
and “light” that were included only in one task)
for all materials is presented in Fig 4 and Table
S14. In general, the ratings are fairly consistent
between the two tasks. Some discrepancies are
noticeable for the items “usual” and “expensive.”

Kendall rank correlation coefficients were calcu-
lated for scores on each item between the tactile
and tactile–visual tasks (Table 4). Correlation
coefficients are moderately high for the items
“artificial,” “unpleasant,” “damp,” and “like,” and
the three items capturing tactile sensory properties

(ie “cold,” “smooth,” “hard”), and somewhat lower
for the items “usual” and “expensive.”

DISCUSSION

Preference of Materials

The results on the preference of materials show
that wooden materials were generally similarly
liked and more liked than the steel sample in both
the tactile and tactile–visual tasks. This observa-
tion is mirrored in the results of the ranking task,
in which wooden materials were on average
ranked higher than the steel sample. These results
are in line with existing studies, which have
observed that wood is generally favored over
other common building materials (Rice et al
2006; Ikei et al 2017b). The results of this study
thus extend previous findings by showing that
wood may be preferred over at least some other
everyday materials, even when materials are pre-
sented in a form that more closely resembles the
real-world context (ie presented as handrail sam-
ples instead of typically used small rectangular
blocks of wood).

Preference ratings and rankings were fairly simi-
lar across the participants from Slovenia and Nor-
way. The results within each country reflected the
overall pattern: the wooden materials were gener-
ally rated and ranked similarly, while they were
preferred over the steel sample. This pattern was
clearly reflected in the results of the Norwegian
participants, whereas some deviations occurred in
the results of the Slovenian subjects. The Sloven-
ians preferred unmodified spruce somewhat less
than some other wooden materials. Although they
still generally preferred the steel sample the least,
their preference scores varied more than the Nor-
wegian scores. This discrepancy between the
countries could stem from cultural differences:
clearer distinction in preference between the
wooden materials and the steel sample observed
among the Norwegians could have resulted from
different general attitudes toward wood or steel.
Nevertheless, even though the results from Slove-
nia and Norway varied, it should be highlighted
that they are generally very similar.

Table 3. The association between the scores on the item
“like” and the remaining rating items for the tactile and
tactile–visual tasks—Kendall rank correlation coefficients.

Item Tactile task Tactile–visual task

Smooth 20.02 0.03
Cold 20.37*** 20.36***
Damp 20.24*** 20.25***
Hard 20.04 0.00
Usual 0.33*** 0.27***
Artificial 20.43*** 20.36***
Expensive 0.07 0.11**
Unpleasant 20.73*** 20.61***
Light — 0.03
Matte — 0.24***

** p , 0.01, *** p , 0.001. p-values are adjusted with the
Holm–Bonferroni method.
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Comparison of the results between the countries
showed that Slovenians, compared with Norwe-
gians, gave higher absolute preference ratings
(item “like”) to the steel sample and certain
wooden samples in both the tactile and
tactile–visual tasks. This observation, however, is
probably less informative than comparing the
within-country results between countries. First,
subtle language differences in the scales used in
the two countries could have influenced absolute
values of the preference scores. Second, lower
absolute scores sometimes observed among the

Norwegians could have resulted from the slight
damage that the materials sustained in the second
part of the study conducted in Norway. Compar-
ing the countries on the ranking task, which is not
influenced by the abovementioned issues, reveals
the same pattern observed in the within-country
analysis: Slovenians generally preferred steel
more and unmodified spruce less than the
Norwegians.

Analysis of the preference scores within wooden
materials revealed that modified wood samples

Figure 4. Scores on scale items split by tasks.

Table 4. The association between the rating item scores on the tactile and tactile–visual tasks—Kendall rank correlation
coefficients.

Item Like Smooth Cold Damp Hard Usual Artificial Expensive Unpleasant

Kendall rank correlation
coefficients

0.50*** 0.60*** 0.60*** 0.52*** 0.62*** 0.33*** 0.55*** 0.37*** 0.56***

*** p, 0.001. p-values are adjusted with the Holm–Bonferroni method.
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were rated and ranked comparably to unmodified
wood. The only wooden sample that was ranked
somewhat lower than the others was unmodified
(ie unmodified spruce). These observations con-
trast with the observations that treated materials
are less preferred than the original, unmodified
samples (Ikei et al 2017a). This suggests that
modified wood exhibits tactile and visual proper-
ties that are, in terms of human preference, com-
parable to those of unmodified wood and different
to those of wood that has been treated otherwise
(eg with coating). Splitting these results by coun-
try showed similar results: wooden samples,
regardless of their treatment, generally received
similar preference scores within each country,
suggesting that potential cultural influences might
not influence the perception and evaluation of
modified wood samples.

Association between Material Properties
and Preference

Many perceived material properties were associ-
ated with a preference for wooden materials in
both the tactile and tactile–visual tasks. Materials
rated as liked were also rated as somewhat less
cold, less damp, more usual, less artificial, less
unpleasant, and, only in the tactile–visual task,
more expensive and more matte. The observed
associations between material properties and pref-
erence tend to be minor, which suggests that addi-
tional visual and tactile properties, beyond those
examined in this study, are important in predict-
ing material preference. Perceived material
smoothness, hardness, and color lightness were
not associated with preference scores.

The observed results are partially consistent with
findings from existing studies. In line with the
observations of Waka et al (2015), we observed
that materials with higher preference ratings had
been perceived as warmer. This suggests that per-
ceived warmth might be associated with prefer-
ence relatively independently of the context in
which the wood samples are presented. In contrast
to the findings of Waka et al (2015), who
observed that preferred materials were perceived
as a damper, we observed they were perceived as

dryer. This discrepancy could have resulted from
the way the materials had been presented: in
handrails, dampness could be associated with
(unwanted) slipperiness.

The perceived color lightness of materials was
not associated with their preference scores. This
observation contrasts with the study that found
darker wooden materials had been preferred for
an outdoor tabletop (Lipovac et al 2019), sug-
gesting that the relationship between wood light-
ness and human preference may depend on the
context of wood use. Similarly, our results con-
trast with the observations of Waka et al (2015),
who found shinier samples were more preferred,
whereas we observed that participants preferred
matte materials. This discrepancy could be
explained by differences in materials tested in the
two studies. Waka et al (2015) examined only
samples of wood, many of which likely varied in
surface shininess. Our study, on the other hand,
included wood samples with relatively uniform
shininess levels, so the observed association—
shinier materials being less preferred—might
have been driven primarily by the presence of the
(shiny) steel sample, which was generally the
least preferred material. This could also explain
why we have not detected the association
between perceived smoothness and material pref-
erence, which is typically observed in other stud-
ies (Jonsson et al 2008; Waka et al 2015; Bhatta
et al 2017): the ratings of the stainless steel sam-
ple, which was perceived as smooth but less
liked, might have steered the association between
perceived smoothness and preference toward
the opposite direction than typically observed
within wood samples. We found no relationship
between perceived material hardness and mate-
rial preference, possibly because the scores on
the item “hard” did not vary sufficiently among
the tested materials.

We observed that materials perceived as more
natural tended to be preferred, similar to what has
been observed in other studies (Rice et al 2006;
Jonsson et al 2008; Ikei et al 2017b). Such stud-
ies, however, typically compared different types
of materials instead of mostly different wooden
materials. Our study thus extends these findings
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and shows that perception of naturalness may be
an important predictor of preference even within
the same material (ie wood). Two other items that
predicted preference in our study and that we had
not identified in other studies assessing the per-
ception of wood, were “usual” and “expensive.”
Materials perceived as more expensive and more
usual were generally rated as more liked. Possi-
bly, perceived expensiveness can reflect the per-
ception of overall material quality, which in turn
may be inferred from the pleasantness of the tac-
tile and visual material properties. However, the
steel sample was generally perceived as the most
expensive material, although it was generally less
liked than the wooden samples. This suggests
there is a more complex mechanism behind the
association between perceived expensiveness and
preference of materials.

We observed that people preferred materials with
which they were more familiar (ie materials rated
higher on the item “usual”). It is possible that pre-
ferred materials are more widespread in everyday
life, increasing the chances that people will
become familiar with them. The association
between perceived usualness and preference is par-
ticularly interesting in this study, which includes
several samples of modified wood that are cur-
rently rarely used in real life; so, the participants
have probably had few opportunities to come into
contact with them. This suggests that modified
wood samples exhibit certain visual and tactile
properties that are perceived similarly to properties
of more common wooden materials.

Association between Tactile and
Tactile–Visual Task Scores

Comparison of the results between the tactile and
tactile–visual tasks showed that the scores of the
two tasks correlate with each other. The highest
correlation coefficients between the two tasks
were observed in the rating items predominantly
assessed by touch: “smooth,” “cold,” “damp,” and
“hard.” This is unsurprising as the visual modality
is not expected to substantially influence the per-
ception of these properties. Somewhat weaker cor-
relations were observed in the affective attributes

“usual” and “expensive,” suggesting that the per-
ception of these properties changes to a greater
extent when people can inspect materials visually.
Interestingly, the correlations on the items
“artificial,” “unpleasant,” and “like” were rela-
tively high, comparable to the correlations
observed in the items assessing tactile sensory
properties, suggesting that the tactile experience
importantly influences the perception of natural-
ness and preference of materials. This finding is
consistent with the results of previous studies that
reached similar conclusions: tactile domain is
important in overall material perception (Overvliet
and Soto-Faraco 2011; Waka et al 2015; Bhatta
et al 2017). The results of this study extend previ-
ous findings by demonstrating the importance of
the tactile domain even when assessed materials
are brought closer to a real-world context.

LIMITATIONS AND RECOMMENDATIONS FOR
FUTURE STUDIES

Due to transportation, the handrail samples were
slightly damaged in the tests conducted in Norway,
which might have led to some differences in scores
that occurred between the countries. Other differ-
ences between the countries could have resulted
from the demographic characteristics of the partici-
pants: most Slovenian subjects were retired individ-
uals with different backgrounds. In contrast, most
Norwegian subjects were still-active academic
staff. The samples of the two countries additionally
differed on gender: women represented 54% of the
Slovenian sample but only 28% of the Norwegian
participants. For these reasons, it should not be
assumed that identified differences between the
countries in material perception are due to differ-
ences in culture, until the findings are confirmed by
future studies. Another limitation stems from the
limited variety of selected wooden samples: we
used only two types of modification processes
despite using three modified wood samples. The
findings of this study could be extended by testing
additional materials treated with different modifica-
tion processes and including additional rating items
that could further identify and clarify the role of
material properties influencing the perception of
materials. Testing materials that are similar in all
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but one property (eg varying only on roughness)
would better reveal the role of specific material
properties in overall material preference. Future
studies could also explore the perception of
wooden materials in different furnishings, such as
chairs and desks. More generally, the field of study
would benefit from a theory explaining how and
why specific material properties relate to preference
of materials.

CONCLUSIONS

The results of this study confirm and extend pre-
vious findings showing that wooden materials
tend to be more liked than other common materi-
als—in our case, more than steel. The results also
suggest that older adults prefer modified wood
samples similarly to unmodified wooden materi-
als. The findings are consistent across Slovenia
and Norway, suggesting that different practices of
wood use in these two countries do not signifi-
cantly influence the perception of wooden materi-
als. Preference of materials is associated with
certain perceived material properties, and tactile
experience has a significant role in the overall
perception of materials. Altogether, the results
suggest that wood, either unmodified or modified,
may be a promising addition to restorative indoor
environments for older adults.
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Abstract. When designing packaging in the shape of a rectangular parallelepiped from various paper-
board materials, it is important to determine their resistance to vertical compression force, which should be
less than the maximum compression force. This is especially relevant when the products packed in these
boxes are stacked during transport or storage. The developed empirical models make it possible to more
optimally/more accurately determine the critical vertical compressive force of these packages. The purpose
of this work is to create an semi-empirical model of the maximum compressive force of a paperboard box
(carton) based on the corrected formulas of the maximum compressive force of the McKee corrugated card-
board box (taking into account the height) of the box and allowing to optimize its parameters. The accuracy
of the developed semi-empirical models is presented by comparing the results of theoretical and experimen-
tal studies. It should be noted that the determination of the maximum compression force of the box is a con-
tact problem of the nonlinear theory of elasticity and plasticity for structures whose elements are made of an
anisotropic material. On this basis, semi-empirical models of three and one parameters were developed,
which also estimated the values of experimental studies previously performed by other authors. One mathe-
matical model also estimates the height of the box, which is not determined by the McKee formula. For the
experiments, we used cartons of different geometric parameters and made from different types of paper-
boards. During the experiment, the boxes were compressed with vertical force until the packages collapsed.
The results of the compared theoretical and experimental studies show the suitability of the proposed
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mathematical models for calculating the critical compressive force of packages, since the obtained mean
absolute percentage error (MAPE) is within the acceptable limits. Taking into account the small discrepancy
between the obtained experimental and theoretical research results, the proposed method for calculating the
vertical maximum compressive force of the rectangular parallelepiped package is suitable for use. The meth-
odology for calculating the carton compressive strength of such packages presented in this paper will be
extended in the future for additional testing to verify the model with carton size and design variations.

Keywords: Paperboard, cartons, compression, strength, critical force, empirical model McKee.

INTRODUCTION

In these days the most important question in
the packaging industry is—What should be the
modern packaging? First of all, naturally, it
should be environmentally friendly and completely
harmless. Moreover, the packaging must be suffi-
ciently strong, lightweight, reliable, and the manu-
facture of it should be cheap. All these criteria
apply together to one type of material—paper-
board. The wide range of applications, from the
packaging of industrial goods to food, makes the
future possible to continue using paperboard in
the packaging industry.

Paperboard cartons are mainly used for light prod-
ucts. Paperboard cartons are used in food, cosmet-
ics, clothing, and many other industries. This type
of packaging may be glued or folded. Paperboard
packaging gives wide advertising opportunities.
The ability to apply any print design makes it one
of the most commonly used marketing tools.

Packaging plays a pivotal role in the distribution
and transportation of goods, which means that it
must comply with all major requirements, both in
terms of aesthetics and durability standards (RDC-
Environment and Pira International 2003).

The most popular paperboard packaging type is
cartons in the shape of a rectangular parallelepiped.

Models for the prediction of the maximum force
the top-to-bottom compressive of folding cartons
may be divided into analytical and numerical
based on the finite element analysis (Beldie et al
2001; Garbowski and Przybyszewski 2015). In
their turn, analytical models (mathematical formu-
lae indicating relations between the value in ques-
tion and parameters of the model) may be divided
into empirical (Pyryev et al 2016), semi-empirical
(McKee et al 1963; Coffin 2015) and “exact”

within the scope of the assumptions (eg linearity of
the model) made (Grangård and Kub�at 1969; Pyr-
yev et al 2019). “Exact” models for a maximum
compression force does not require any experimen-
tal data. Models for different carton designs will
also be different (Ristinmaa et al 2012). Models
for the prediction of maximum compression force
differ according to the material used to manufac-
ture the boxes. More research has been done for
corrugated cardboard and fewer for paperboards
(Pyryev et al 2016, 2019; Kibirk�stis et al 2007).

In 1963, McKee et al (1963) developed and pub-
lished a mathematical equation to determine the
compressive strength of a three-ply cardboard
box, which is still in use today.

Fmax 5 aPb
mð

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DCDDMD

p
Þ12bP2b21 (1)

Based on his research, McKee came to the con-
clusion that the dominant parameter affecting the
properties of a box compressed from above and
below by force F, as in the case of box storage, is
the edge crush strength of corrugated cardboard
in the cross direction (CD), which he defined as
the parameter Pm and parameters describing the
bending stiffness of a cardboard box in two direc-
tions DCD and DMD. McKee also used the param-
eter P, meaning the perimeter of the box, a and b
constants defined experimentally. The ratio of
height H to the circumference P must be .1:7 »
0.143. Let us assume that the direction of the
force F coincides with the x-axis.

Mathematical models can take very divergent
paths to try to achieve the goal. Little (1943) iden-
tified the main factors influencing box strength by
analogy to column failure: box size, inherent
material strength, and material stiffness.

One of the earliest practical formulations for esti-
mating box compression strength (BCT) using
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these parameters was developed by Kellicutt and
Landt (1958). Then, McKee et al published in
1963 likely the most popular industry method of
box compression estimation and the one used
among the most publicly available software
programs.

Most packaging engineers are familiar with the
McKee equation, typically in one of its numerical
forms:

BCT5 2:0283ECT0:746

RMSBendingð Þ0:254Perimeter0:492,
(2)

BCT 5 5:873ECTðCaliper3PerimeterÞ1=2:
(3)

The structure of these equations highlights the
importance of different material parameters on box
performance. The edge crush strength (ECT) of the
combined board, has the largest role in estimating
box strength. Measuring ECT attempts to quantify
the inherent material strength of the complex cor-
rugated board structure, and researchers (Frank
2014) have taken many approaches over the years
to assess this material property of the combined
board. Batelka and Smith (1993) expanded the
original McKee box compression model (1) to
include all box dimensions in their formula.

Two of the criteria proposed by Urbanik and
Frank (2006) appear to lead to compression
strength predictions in accordance with a large set
of experimental results. The second approach
considers that the buckling mode m, which yields
the lowest critical buckling load for the side
panel, has to be applied to both panels.

The carton board is an orthotropic material
(Edholm 1998). This is because, during its manu-
facture, the majority of the fibers orient them-
selves in a direction, known as the machine
direction (MD). The direction perpendicular to
this is known as the CD. Furthermore, the proper-
ties of the board in the thickness direction (ZD)
differ from those of MD and CD because of its
laminar construction. A big effort of research has
been taken to investigate the mechanical proper-
ties of the carton board (Sirkett et al 2006).

A simplified version of the McKee formula was
fitted to the data set by Popil (2016) and the result-
ing equation improves the prediction average error.

Urbanik and Saliklis (2003) applied finite element
analysis to observe the buckling phenomena in
corrugated boxes.

Interesting studies carried out in the work by
Gong et al (2020), where the effects of indenta-
tion shape on the compressive strength of corru-
gated cartons are studied by experiments and
finite element analysis. A crippling analysis
method has been utilized to estimate the compres-
sion strength of paperboard boxes in work (Lin-
vill 2015). Two types of tests are required to
characterize the crippling strength of material:
compression tests of panels with one edge free
and compression tests of panels with no edges.

The purpose of this work is to create an semi-
empirical model of the maximum compressive
force of a paperboard box (carton) based on the
modified formulas (Batelka et al 1993) of the max-
imum compressive force of the McKee corrugated
cardboard box, taking into account the height of
the box and allowing to optimize of its parameters.

EXPERIMENTAL DATA AND MATERIALS

Six different types of paperboard packaging con-
structions were used for the creation of the
engineering calculation procedure in relation to
the maximum compression force. The paper
proposes models to predict the top-to-bottom
compressive strength of folding cartons. In the
work, the experiment consisted of determining
the compression data of 72 cartons (i 5 1, . . .,
72), (Fig 1[a]): six different geometrical parame-
ter cartons and six different types of paperboard
compressed in the CD, (Fig 1[b]), and six in the
MD, (Fig 1[c]).

The number of repetitions of the tests for each of
the 72 cartons is six. The geometrical parameters of
the packaging are listed in the caption under Fig 2.

The simplified scheme for a compression stand
and the view of packaging samples are both
shown in Figs 1-2. Packaging of such sizes is
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widely used in Lithuania for packing products
such as, for example, grain products (rice, buck-
wheat, etc.), which are prepacked into a separate
carton for cooking (Kibirk�stis et al 2007). The
choice of this type of packaging specimen was
determined by their wide-ranging usage for pack-
ing food products. For cartons with dimensions in
Fig 2(a) (i5 1, . . ., 36), some of the experimental
data carton strength and the short span compres-
sion strength, the bending stiffness of the paper-
boards was previously presented by the authors in
earlier papers (Kibirk�stis et al 2007; Pyryev et al
2016). Experimental data for paperboard package
compression tests were obtained in standard
atmosphere for conditioning and testing according
to ISO 187:1990 requirements. The low cartons
were also investigated for additional analysis
(Fig 2[b]). Note that this paper presents new
experimental data for 36 cartons (Fig 2[b]) (i 5
37, . . ., 72) that have not been published before.
The experiments for the low cartons in Fig 2(b)
were carried out for the same type of paperboards
as for the cartons in Fig 2(a).

Figure 1. Compression testing scheme for a package under the action of vertical force F, N: (a) principal scheme, (b) com-
pression testing scheme in cross direction (CD), (c) compression testing scheme in the machine direction (MD), (d) illustration
the three different packages A60.20.00.03 classified according to ECMA considered in this study: 1—moving base support
(v5 12.5 mm/min); 2—package under compression; 3—fixed base support.

Figure 2. The packaging specimen’s geometrical parameters:
(a) carton size I: H 5 230 mm, L 5 118 mm, B 5 48mm;
carton size II: H 5 165 mm, L 5 118 mm, B 5 48 mm; car-
ton size III: H5 137 mm, L5 77 mm, B5 37 mm; (c) carton
size IV: H5 37 mm, L5 77 mm, B5 37 mm; carton size V:
H 5 37 mm, L 5 77 mm, B 5 77 mm; carton size VI: H 5

48 mm, L5 118 mm, B5 118 mm.
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When testing its compression strength, the carton
is placed between two parallel rigid plates and is
compressed at a constant rate of deformation
of 12.5 mm/min in accordance with ISO 12048
recommendations. For the measurements were
used: sensor—DBBMTOL-500 N, serial num-
ber AP34282. Load measurement accuracy:
60.5% indicated load from 2% to 100% capac-
ity, extended range. Position measurement accu-
racy60.01% of reading or 0.001 mm, whichever
is greater. Speed accuracy60.005% of set speed.
The maximum force of load that the sample can
support is called the compression force Fexp

(experimental value).

The main characteristics of the cartons are bend-
ing stiffness D and compressive strength SCT.

Figure 2 shows the sample cartons. For cartons I
parameter l 5 P/H5 1.44, for cartons II parame-
ter l 5 2.01, for cartons III parameter l 5 1.66,
for cartons IV parameter l 5 6.17, for cartons V
parameter l 5 8.33, for cartons VI parameter l 5
9.80, where P 5 2 (L 1 B) is the perimeter of
rectangular plate L3 B.

With consideration to the potential conditions
involved in storage, transportation, and mainte-
nance, the packages were made of different paper-
board types:

� Soft MC Mirabell paperboard (WLC) or
(GD2)—Recycled coated white lined
chipboard

� Kromopak paperboard (FBB) or (GC2)—
Folding boxboard

� Korsnas Carry (SUB) or (GN4)—Solid
unbleached board

� Korsnas Light (SUB) or (GN4)—Solid
unbleached board

The boxes were made according to No A60.20.
00.03 PackDesign 2000 Standard Libraries for
European Carton Makers Association (ECMA).

The technical characteristics provided by the
manufacturers of these paperboards are listed in
Table 1. MD—the direction in the board where
the fibers are arranged in the direction of machine
casting during the board manufacturing process.

CD—the direction perpendicular to the MD. In
the carton, it is most common to have the MD
parallel to the vertical axis (for several reasons—
primarily the reliability of opening on high-speed
machinery), but to compare the experimental and
theoretical results in both directions (MD) and
(CD) need to be explored.

The findings from the proposed calculation proce-
dures were later compared with the findings from
experimental compression tests (see Table 2 (col-
umn 5), i 5 1, . . ., 36), which were analyzed in
the paper (Kibirk�stis et al 2007) for cartons from
Fig 2(a).

Based on the work of Ristinmaa et al (2012) in this
work, the proposed semi-empirical models have
been tested on independent experimental data to
predict the critical compressive force of a carton.

MODELING THE COMPRESSIVE STRENGTH

Formula McKee (1),1 which takes into account
the compressive force, is a two-parameter one. In
addition, Eq 1 does not take into account the
height of the box. It is anticipated that the height
of the box may affect its strength. This assump-
tion leads to a three-parameter formula. For the
sake of simplicity, we will further reduce it to a
one-parameter form, which will contribute to a
simplified design of packages. For the above
transformations, we will further use an empirical
analysis of the obtained experimental data.

The Structural Formula of Maximum
Compression Force

It should be noted that the determination of the
maximum compression force of the carton is a
contact problem of the nonlinear theory of elastic-
ity and plasticity for a structure whose elements
are made of an anisotropic material. The contact
load on the side panels of the carton and the area
of plasticity are unknown quantities. The solution
to such a problem can be obtained only using
numerical methods or a semiempirical approach.

A model can be devised based on the empirical
results for structures that fail through combined
compression and bending with the dimensionless
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form for the maximum force Fmax (calculated
value) as:

Fmax

Fcr
5a

SCTxP
Fcr

� �b

(4)

Fmax 5 maximum compression force [N] (vertical
maximum force in x directions); P52ðL1BÞ is the
perimeter of the rectangular plate L3B [m]; H 5
height of the carton [m]; SCTx 5 compressive
strength in x directions of the board using a short-span
compressive tester [N/m]; Fcr is the critical buckling
load (coefficient of similarity) [N]; a, b 5 constant
parameters defined on the basis of experimental data.

The choice of the power-law dependence of Fmax

on SCTx and on the height of the carton H, on
the one hand, is due to the analysis of the experi-
mental data obtained, and on the other hand, the
power-law dependence of the critical compression
force of the corners on SCTx by the formula pre-
sented in the article (Pyryev et al 2019). There-
fore, the Fmax becomes:

Fmax5a SCTxð Þb Fcrð Þ12bPb (5)

We also assume that the critical compressive force
Fcr is proportional to the sum of the box-critical com-
pressive forces discussed in the article (Pyryev et al
2019) regarding four plates of the same heightH:

Fcr �
ffiffiffiffiffiffiffiffiffiffiffiffi
DxDy

p
P

P
H

� �d

(6)

where Dx, Dy 5 flexural rigidity in x and y direc-
tions [Nm], H 5 height of the carton [m], d 5
constant parameter, e.g. for low boxes H/L,,1,
H/B,,1 (with all edges simply supported)
parameter d5 2, for tall boxes H/L..1, H/B..1
parameter d 5 0. This paper suggests building a
theoretical model for a maximum compressive
force of the carton as shown as follows:

Fmax 5 a SCTxð Þb ffiffiffiffiffiffiffiffiffiffiffiffi
DxDy

p� �12b
P2b21 P

H

� �c

(7)

a, b, c 5 constant parameters defined on the basis
of experimental data, c 5 d(12b). A similar
approach was used in the article (Coffin 2015) for
corrugated box.

The expression (7) can be written as follows:

~y5b01b1x11b2x2 (8)

where

~y5 ln
FmaxPffiffiffiffiffiffiffiffiffiffiffiffi
DxDy

p , b0 5 lnðaÞ,b1 5 b, b2 5 c

x1 5 ln
SCTxP2ffiffiffiffiffiffiffiffiffiffiffiffi
DxDy

p
 !

, x2 5 ln
P
H

� �

Knowing the constant coefficients b0, b1, b2 in
Eq 8, you can write down a, b, c values in Eq 7:

a5 eb0 , b5b1, c5b2 (9)

Table 1. A comparison of paperboard technical characteristics (Kibirk�stis et al 2007).

Type of paperboard

D 5 Bending stiffness SCT 5 Compressive strength

L&Wa, (5�), (mNm) (kN/m)

Grammage
ISO 536
(g/m2)

Thickness
ISO 534
(mm)

ISO 5628 ISO 9895

MDb �Dc MD2 �D3

1 MC Mirabell (WLC) 400 565 60.9 24.4 12.7 8.5
2 MC Mirabell (WLC) 320 435 31.8 13.3 9.8 7.4
3 Kromopak (FBB) 300 430 34.3 14.3 9.2 6.8
4 Kromopak (FBB) 275 395 29.0 12.0 8.6 6.2
5 Korsnas Carry (SUB) 400 585 113.0 55.3 11.2 8.4
6 Korsnas Light (SUB) 290 420 41.9 21.2 8.5 6.1
a L&W device-measured moment needed for bending the sample material to an angle of 5�.
b MD—machine direction.
c CD—cross machine direction.
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Table 2. Experimental data for paperboard package compression tests a prediction of the maximum compression force and
their errors; for cases (17) a 5 15.2, b 5 0.490, and c 5 0.0329; for case (19) a 5 15.8, b 5 0.48, and c 5 0.241;
for case (20) a 5 13.9, b 5 0.45, and c 5 0.247; for cases (1) a 5 14.4, b 5 0.499, and c 5 0; for cases (21) a 5 14.4,
b 5 0.5, and c 5 0.

Experiment
number
i51,… 72

The box
design type
Figure 2

Type of
paperboard,

No.
Load

direction Fexp, (N)
b

Fmax, (N) based on Equation 100 «i, % based on equation

(17) (19)/(20) (1) (21) (17) (19)/(20) (1) (21)

1 I 1 MD 329 6 11 305 295 316 318 7.29 10.4 4.10 3.25a

2 I 1 CD 235 6 6 251 244 258 260 6.63 3.68a 9.88 10.8
3 I 2 MD 191 6 5 195 188 202 204 2.07 1.81a 5.95 6.92
4 I 2 CD 164 6 5 170 164 176 177 3.60 0.05a 7.25 8.21
5 II 1 MD 320 6 6 308 320 316 318 3.64 0.15a 1.40 0.53
6 II 1 CD 253 6 3 253 264 258 260 0.13a 4.33 2.06 2.92
7 II 2 MD 211 6 2 197 203 202 204 6.59 3.71 4.09 3.21a

8 II 2 CD 167 6 3 172 178 176 177 2.86a 6.44 5.33 6.27
9 III 1 MD 267 6 12 309 311 316 318 15.7a 16.4 18.3 19.2
10 III 1 CD 230 6 8 254 257 258 260 10.3a 11.6 12.4 13.2
11 III 2 MD 210 6 7 197 198 203 204 5.99 5.87 3.57 2.75a

12 III 2 CD 161 6 4 172 173 176 177 6.86a 7.42 9.33 10.2
13 I 3 MD 184 6 3 196 189 203 205 6.68 2.82a 10.6 11.6
14 I 3 CD 165 6 2 169 164 175 177 2.60 0.69a 6.06 6.99
15 I 4 MD 162 6 3 174 167 181 182 7.40 3.37a 11.5 12.5
16 I 4 CD 132 6 8 148 143 153 155 12.3 8.58a 16.2 17.2
17 II 3 MD 196 6 3 198 205 203 205 1.25a 4.57 3.83 4.77
18 II 3 CD 184 6 3 171 178 175 177 6.98 3.52a 4.89 4.06
19 II 4 MD 177 6 2 176 181 181 182 0.62a 2.49 2.01 2.94
20 II 4 CD 150 6 1 150 155 153 155 0.09a 3.51 2.24 3.14
21 III 3 MD 196 6 2 199 199 204 205 1.42a 1.74 3.90 4.77
22 III 3 CD 167 6 4 171 173 175 177 2.66a 3.42 4.87 5.71
23 III 4 MD 186 6 4 176 177 181 182 5.27 5.11 2.86 2.04a

24 III 4 CD 142 6 1 150 151 153 155 5.71a 6.35 8.07 8.95
25 I 5 MD 447 6 2 414 405 425 428 7.42 9.43 5.00 4.24a

26 I 5 CD 366 6 3 359 353 368 371 1.79 3.53 0.51a 1.28
27 II 5 MD 456 6 3 418 439 425 428 8.25 3.82a 6.88 6.13
28 II 5 CD 370 6 5 363 383 368 371 1.78 3.38 0.58 0.19a

29 III 5 MD 395 6 6 419 427 425 428 6.09a 8.03 7.58 8.36
30 III 5 CD 360 6 5 364 372 368 371 1.11a 3.37 2.26 2.97
31 I 6 MD 198 6 7 220 213 227 229 11.0 7.53a 14.6 15.6
32 I 6 CD 195 6 6 187 182 192 194 4.2 6.46 1.35 0.53a

33 II 6 MD 246 6 9 222 231 227 229 9.69 6.24a 7.73 6.92
34 II 6 CD 224 6 8 189 197 192 194 15.7 12.0a 14.1 13.4
35 III 6 MD 263 6 7 223 224 227 229 15.4 14.7 13.6 12.9a

36 III 6 CD 219 6 9 191 192 193 194 12.6 12.5 12.1 11.4a

37 IV 1 MD 272 6 7 322 309 316 318 18.6 13.7a 16.1 17.0
38 IV 1 CD 239 6 8 265 258 258 260 10.9 7.78a 8.12 8.95
39 V 1 MD 312 6 7 324 324 316 318 3.73 3.88 1.14a 2.02
40 V 1 CD 268 6 6 266 270 258 260 0.79 0.76a 3.64 2.84
41 VI 1 MD 324 6 5 323 325 315 318 0.46 0.29a 2.69 1.76
42 VI 1 CD 238 6 5 265 271 258 260 11.3 13.7 8.42a 9.41
43 IV 2 MD 217 6 4 206 195 203 204 5.02a 10.1 6.68 5.89
44 IV 2 CD 168 6 5 180 172 176 177 6.92 2.21a 4.78 5.63
45 V 2 MD 215 6 6 207 205 202 204 3.79a 4.88 5.86 5.01
46 V 2 CD 172 6 7 180 180 176 177 4.81 4.65 2.28a 3.18
47 VI 2 MD 198 6 8 206 205 202 204 4.11 3.55 2.13a 3.14

(continued)
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Calculation of Coefficients of Multiple
Linear Regression

Let us present the measurement data and the coef-
ficients of the model in a matrix form:

y5

y1
..
.

yn

2
664

3
775,X5

1 x1,1 x1,2
..
. ..

. ..
.

1 xn,1 xn,2

2
664

3
775, b5

b0
b1
b2

2
64

3
75,

e5

e1
..
.

en

2
664

3
775, ~y5Xb, n5 72;

(10)

where y is the measurement vector-column for
measuring the compression force, yi5 lnðFi

expP
i=

ffiffiffiffiffiffiffiffiffiffiffiffi
Di

xDi
y

q
Þ (observed values of the dependent

variable); X—dimension matrix n3(m11), m 5
2, in which the i-th row i51, 2, . . . ,n repre-
sents the i-th observation of the vector of inde-
pendent variable values x1, x2 values correspond-
ing to the variables at given free term b0; b—
vector-column of dimension m+1 parameters of
multiple regression equation; e—vector-column
of dimension n of deviations ei5yi2~yi where
yi depends on ~yi obtained from the regression
equation:

~yi5b01b1xi,11b2xi,2, i51, 2, :::,n, ~y5Xb (11)

The matrix form of the relation is:

Table 2. Experimental data for paperboard package compression tests a prediction of the maximum compression force
and their errors; for cases (17) a 5 15.2, b 5 0.490, and c 5 0.0329; for case (19) a 5 15.8, b 5 0.48, and c 5
0.241; for case (20) a 5 13.9, b 5 0.45, and c 5 0.247; for cases (1) a 5 14.4, b 5 0.499, and c 5 0; for cases
(21) a 5 14.4, b 5 0.5, and c 5 0. (cont.)

Experiment
number
i51,… 72

The box
design type
Figure 2

Type of
paperboard,

No.
Load

direction Fexp, (N)
b

Fmax, (N) based on Equation 100 «i, % based on equation

(17) (19)/(20) (1) (21) (17) (19)/(20) (1) (21)

48 VI 2 CD 167 6 9 180 180 176 177 7.58 8.05 5.25a 6.27
49 IV 3 MD 185 6 4 208 197 204 205 12.2 6.70a 10.1 11.0
50 IV 3 CD 153 6 8 179 172 175 177 17.0 12.4a 14.5 15.4
51 V 3 MD 207 6 1 208 207 204 205 0.62 0.04a 1.68 0.80
52 V 3 CD 197 6 2 180 180 175 177 8.82 8.45a 11.2 10.4
53 VI 3 MD 231 6 9 208 207 203 205 10.2a 10.2 12.0 11.1
54 VI 3 CD 218 6 9 179 181 175 177 17.9 17.1a 19.8 19.0
55 IV 4 MD 174 6 5 184 174 181 182 5.72 0.19a 3.84 4.72
56 IV 4 CD 148 6 7 157 150 153 155 5.90 1.51a 3.69 4.53
57 V 4 MD 192 6 1 185 183 181 182 3.85a 4.82 5.95 5.10
58 V 4 CD 161 6 2 157 157 153 155 2.30a 2.19 4.74 3.91
59 VI 4 MD 171 6 1 184 183 180 182 7.59 7.13 5.51a 6.55
60 VI 4 CD 145 6 2 157 158 153 155 8.10 8.88 5.69a 6.70
61 IV 5 MD 428 6 7 438 432 425 428 2.22 0.94 0.71 0.01a

62 IV 5 CD 397 6 5 380 379 368 371 4.27a 4.52 7.27 6.63
63 V 5 MD 437 6 8 439 453 425 428 0.48a 3.63 2.81 2.05
64 V 5 CD 352 6 7 381 397 368 371 8.36 12.9 4.52a 5.31
65 VI 5 MD 483 6 9 438 454 424 428 9.40 6.00a 12.1 11.4
66 VI 5 CD 402 6 5 380 398 368 371 5.45 0.91a 8.56 7.79
67 IV 6 MD 253 6 4 232 224 227 229 8.17a 11.5 10.2 9.50
68 IV 6 CD 218 6 5 197 193 193 194 9.40a 11.9 11.7 11.0
69 V 6 MD 245 6 5 233 235 227 229 4.83 4.21 7.34 6.54
70 V 6 CD 221 6 8 198 202 192 194 10.3 8.68a 13.0 12.2
71 VI 6 MD 219 6 7 232 235 227 229 6.10 7.43 3.58a 4.55
72 VI 6 CD 211 6 7 198 202 192 194 6.39 4.11a 8.90 8.07
mean [%] 6.57 5.82a/6.38 6.99 7.11

CD, cross machine direction; MD, machine direction.
a Denotes the lowest value in the row.
b Fexp6 s—measured values from carton compression test with standard deviation.
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e5y2Xb (12)

According to the least squares method:Xn

i5 1

e2i 5 eTe5 ðy2XbÞTðy2XbÞ ! min,

(13)

where eT5 ðe1, . . . , enÞ, ie the superscript T
means a transpose matrix. It may be shown that
the previous condition is fulfilled if the vector-
column of coefficient b can be obtained by the
following formula:

b5 ðXTXÞ21XTy (14)

where XT is a matrix transposed to matrix X, and
(XT X)21 is a matrix inverse to (XT X). The rela-
tion is valid for equations of regression with a
random number m of explanatory variables.

The model of multiple regression is evaluated by
using the determination coefficient R2, R is the mul-
tiple coefficient of correlation between the depen-
dent variable and the explanatory parameters:

R2 5 12

Xn

i5 1
ðyi2~yiÞ2Xn

i5 1
ðyi2�yÞ2

(15)

where the average value of the dependent variable

�y5
1
n

Xn

i5 1

yi (16)

The model is based on experiments with different
mechanical and geometrical dimensions of pack-
ages (72 different cartons). The model will also
be valid for cartons with other parameters, which
are within the parameter range studied in the pre-
sent paper.

RESULTS AND DISCUSSION

To calculate the maximum compression force, Eq
7, it is necessary to know the geometrical P, H,
and physical SCTx, Dx, Dy parameters of the side-
walls of the carton. Manufacturers produce a
paperboard with the bending stiffness levels

shown in Table 1. As mentioned previously, the
index x corresponds to the direction of the acting
compression force. Direction y is perpendicular to
the direction of the acting compression force.
Parameters Dx, Dy correspond to SxDIN , S

y
DIN .

The experimental findings and the parameters of the
cartons under testing are presented in Table 2. The
experimentally obtained values for the maximum
force of compression Fexp are shown in column 5 of
Table 2. For example, for the first experiment (i 5
1) obtained: mean carton compression strength, 329
N, maximum, 344 N, minimum, 315 N, standard
deviation, 11 N, coefficient of variation, 3.29%.
The experimental data contains measurement uncer-
tainty and individual replicate variability. The sam-
ples will not be perfect or consistent (folding/gluing,
etc.), the board will have local variability (65% in
thickness, approximately5 615% in stiffness).

The analysis of the data presented in Table 2
allows us to determine the range of nondimen-
sional parameters: SCTx/SCTy 2 [1.0; 2.08]; Dx/Dy

Î [0.52; 9.42]; B/H 2 [0.2; 2.5]; L/H 2 [0.51; 8,6];
l 5 P/H 2 [1.44; 9.80]; ln [Fexp P (DxDy)

20.5] 2
[6.95; 8.50]; ln[SCT�P2(DxDy)

20.5] 2 [8.62;11.6].

In our case, n 5 72. Having the findings of the
experiment, we can evaluate the coefficients of
linear regression Eq 11 by using the least squares
method: b0 5 2.722, b1 5 0.490, b2 5 0.0329.

The multiple coefficient of correlation (Eq 15)
between the dependent variable and the explana-
tory parameters is equal to R5 0.975.

In accord with Eq 9, the following constant values
are found: a5 15.2, b5 0.490, c5 0.0329.

Finally, the following mathematical model was
developed upon the basis of the experimental
findings:

Fmax 5 15:2 � SCT0:49
x

ffiffiffiffiffiffiffiffiffiffiffiffi
DxDy

p� �0:51
P20:020ðP=HÞ0:0329

R2 5 0:950:
(17)

By entering the data from Table 2 into Eq 17, we
calculated the values of the critical compression
force (Table 2, column 6).
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The average deviation of the calculated values Fi
max

from the experimental data Fi
exp, i 5 1, . . ., 72, as

determined by the following formula:

MAPE5
100
n

Xn

i51

«i,«i5
j Fi

exp2Fi
max j

Fi
exp

(18)

turned out to beMAPE (mean absolute percentage
error)5 6.57%.

A comparison of the predicted forces (Table 2, col-
umn 6) and the experimental failure forces (Table
2, column 5) is shown in Fig 3, revealing a close
correlation. The line Fmax 5 Fexp represents the
calculated maximum forces (Eq 17), and the lines
indicated 120% and 220% show the region with
the absolute value of the relative error «i , 0.2 and
includes no,80% of the obtained values.

As can be seen from the work (Pyryev et al
2019), the critical value of the parameter l can be
l* 5 4(Dy/Dx)

1/4. For six types of paperboards
(Table 1), the parameter l* 2 [3.18; 5.03]. The
parameter l for the cartons shown in Fig 2(b) is
,5.03. We find semi-empirical formulas for the
critical compressive strength of the carton based

on the results for cartons from Fig 2(a) (l < l*)
and for cartons from Fig 2(b) (l > l*).

Fmax5 15:8 � SCT0:48
x

ffiffiffiffiffiffiffiffiffiffiffiffi
DxDy

p� �0:52
P20:04ðP=HÞ0:241

l,l�,R25 0:954,MAPE5 5:82%:

(19)

Fmax 5 13:9 � SCT0:45
x

ffiffiffiffiffiffiffiffiffiffiffiffi
DxDy

p� �0:55
P20:1ðP=HÞ0:247

l.l�,R25 0:954,MAPE5 6:38%:

(20)

A prediction of the maximum compression force
Fmax is shown in column 7 of Table 2 according
to Eqs 19 and 20 for l < l* (experiments 1-36)
and l > l* (experiments 37-72), respectively.
The absolute value of the relative errors 100�«i
are shown in column 11 of Table 2.

The small value of the parameter c in Eq 17
allows the empirical formula to be written in the
form(1), where a 5 14.4, b 5 0.499, R2 5 0.946,
MAPE5 6.99%.

A prediction of the maximum compression force
Fmax according to McKee’s Eq 1 is shown in col-
umn 8 of Table 2. Errors for force Fmax are shown
in column 12 of Table 2.

Given that the empirical formula b � 0.5 can be
found in the following form:

Fmax 5 a � SCT0:5
x ð ffiffiffiffiffiffiffiffiffiffiffiffi

DxDy
p Þ0:5 (21)

where the parameter a is calculated from the
experimental data:

a5

X72

i5 1
Fi
exp SCTi

x

ffiffiffiffiffiffiffiffiffiffiffiffi
Di

xDi
y

q� �0:5

X72

i5 1
SCTi

x

ffiffiffiffiffiffiffiffiffiffiffiffi
Di

xDi
y

q (22)

According to the data (Table 2), the parameter a
in Eq 22 is a 5 14.4, R2 5 0.947, MAPE 5
7.11%. Error’s 100�i (%) for force Fmax are
shown in column 12 of Table 2.

Figure 4 shows the MAPE (%) of the calculated
values Fi

max from the experimental data Fi
exp, i 5

1, . . ., 72 based on Eqs 17, 19, 20, 1, and 21,
as well as the maximum absolute value of the

Figure 3. A prediction of the maximum compression force
Fmax (Eq 17) for the packaging compared with experimental
data Fexp.
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relative error 100�«i. Based on Eqs 17, 1, and
21, the maximum values are calculated by
the formula max i51, ...72f100�ig, based on Eq
19—by the formula max i51, ...36f100�ig, and
based on Eq 20—according to the formula
max i537, ...72f100�ig.
This work presented 72 experiments and the empir-
ical formulas obtained on the basis of them, which
show that the accuracy of the prediction, although
slightly, increases when the height of the carton is
taken into account. McKee Eq 1 according to Fig 4
gives the mean error MAPE5 6.99%, and Eqs 17,
19, and 20, which estimate the height of the carton,
give lower values MAPE 5 6.57%, MAPE 5
5.81%, and MAPE5 6.39%, respectively.

Note that the analysis of the obtained results Fmax

based on Eqs 17, 19, 20, 21, and 1 and their errors
shows that the obtained model based on McKee’s
Eq 1 gives the best prediction (asterisk for the
lowest error) for only 10 experiments: 26, 39, 42,
46, 47, 48, 59, 60, 64, and 71. Only experiment 26
(I 6 CD) was carried out for a tall drawer (drawer
design type I) and with the maximum board thick-
ness (type 6 carton), load direction CD. The
remaining nine experiments were carried out on
low cartons V and VI.

Simplified model (21) gives the best estimate of
the maximum compressive force compared with

Eqs 17, 19, 20, and 1 for 10 experiments: 1, 7, 11,
23, 25, 28, 32, 35, 36, and 61. Experiment 61 (IV
5 MD) was carried out on a low carton and with
the largest cardboard thickness, and the remaining
nine experiments were carried out with high car-
tons I, II, and III. Only for the two experiments
35 (III 6 MD) and 36 (III 6 CD), the relative
errors (100 � «i) using Eq 21 are more than 10%,
and for the rest of the experiments the relative
errors using Eq 21 are,5%.

The testing of the proposed semi-empirical predic-
tion models for the maximum compressive force of
a cardboard box was carried out on the experimen-
tal results of Ristinmaa et al.8 Experimental results
are presented for three different materials and for
four different box sizes and for two different types
A1111 (i 5 1, . . . 16) and A6020 (i 5 17, . . .20)
according to the ECMA classification (Table 3, col-
umns 1-3). The bending resistance values BRMD,
BRCD (mN), (ISO 2493) and SCTMD, and SCTCD
(mN/m) are presented in Table 3, column 3.

A comparison of the predicted forces (Table 3,
column 5) and the experimental failure forces
(Table 3, column 4) is shown in Fig 5, revealing a
close correlation.

Moreover, a comparison of the predicted loads
(Table 3, columns 5-7) and the experimental fail-
ure loads (Table 3, column 4) is shown in Table 3,

Figure 4. minf100�ig (%),MAPE (%), and maxf100�ig (%) based on Eqs 17, 19, 20, 1, and 21.
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which reveals a close correlation; the average
error is 7.29% (based on Eq 17), 7.35% (based on
Eq 1), 7.32% (based on Eq 21), respectively
(Table 3, columns 8-10). In the absence of values
of bending stiffness, it was taken the dependenceffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DMDDCD

p
50:103

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
BRMDBRCD

p
.

Note that different models give similar results.
This means that common elements (or highly corre-
lated elements) dominate their results. The domi-
nant factor leading to this model similarity is the
combination of compressive and flexural stiffnesses
SCT0:5

x S0:5, where S 5 geometric mean of MD
and CD bending stiffness

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DMDDCD

p
. Such a

combination of stiffness is found in works of Gran-
gård and Kub�at (1969) and Pyryev et al (2019).

CONCLUSIONS

1. Formula McKee (1) has two parameters.
Developed three-parameter theoretical mod-
els (17), (19), (20), and one-parameter model
(21) of the maximum compression force
were proposed and analyzed, describing the
compression of paperboard packaging.

2. Table 3 shows, it does not any of the equa-
tions give significantly improved results over
McKee (1). One would expect that with
more parameters one would get a better fit,
but it is not as if the fit got extremely better.

3. For the experimental data presented in the
paper, we get MAPE5 6.57% (model (17)).

4. The comparison between theoretical (17)
and experimental testing has shown suffi-
cient accuracy in terms of the results.

5. For cartons with the parameter l < l*, it is
better to use Eq 19, MAPE 5 5.82% for
predicting the compressive strength, and for
l > l* Eq 20, MAPE 5 6.38%.

6. The semi-empirical Eq 21 for predicting the
compression force of the carton MAPE 5
7.11% is noteworthy. The formula has a sim-
ple shape and does not depend on the geo-
metric parameters of the carton, including
the height of the carton H. As a first approxi-
mation, new Equation (24) is to be used.

7. Based on McKee’s Eq 1 and experimental
data, a model was obtained for which MAPE
5 6.99%.

8. Analyzing the obtained models, we can state
that the semi-empirical model (19) for l <
l*, and (20) for l > l* have the best MAPE
value; then the semi-empirical model (17),
then the semi-empirical model (1), the worst
MAPE value is model (21). However, the lat-
ter model allows you to perform calculations
on a calculator (Fig 4).

9. The proposed models (17), (1), and (21) have
been successfully tested on 20 independent
experimental data (Ristinmaa et al 2012) the
average error is 7.29% (based on Eq 17), 7.35%
(based on Eq 1), 7.32% (based on Eq 21).

10. The considered theoretical model (17)
allows us to predict the height of the carton
if the expected load Fcr is set on it.

H5
15:2 � SCT0:49

x

ffiffiffiffiffiffiffiffiffiffiffiffi
DxDy

p� �0:51
P0:0129

Fmax

0
@

1
A

30:4

(23)

11. If the geometric parameters and the
expected force Fmax of the carton are

Figure 5. A prediction of the maximum compression force
Fmax (Eq 17) for the packaging compared with experimental
data Fexp (Ristinmaa et al 2012).
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indicated, we can choose cardboard with a
predicted compressive strength SCTx
according to (21).

SCTx 5
F2
max

14:392
ffiffiffiffiffiffiffiffiffiffiffiffi
DxDy

p (24)

12. The developed simplified semi-empirical
models allow to optimize the design of rect-
angular parallelepiped packaging with suffi-
cient accuracy.
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