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CHARACTERIZATION OF BONDLINES IN CROSS-LAMINATED
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Abstract. The number of mass timber construction projects is rapidly increasing in North America but
this technology encounters durability issues where termites are present. One method for minimizing this
risk is to incorporate termiticidal treatments into mass timber elements. This study examined the impact of
cross-laminated timber (CLT) pre and post layup treatment on bond line integrity. Douglas-fir 2 X 6-in.
lumber or CLT panel sections were pressure treated with 1) borates or 2) propiconazole, tebuconazole,
imidacloprid, permethrin, and iodopropynyl butylcarbamate (PTIP), or 3) dip treated with a mixture of pro-
piconazole, tebuconazole, and imidacloprid + borate (PTIB). CLT panels were manufactured using mela-
mine formaldehyde or polyurethane resins. The impact of preservative treatment on bondline integrity was
tested by delamination and block shear tests. Adhesive penetration was also measured using fluorescence
microscopy and surface wettability was measured using a contact angle analyzer. Planing-treated lumber
before use in CLT panel assembly reduced actives by 57-94% compared with unplaned lumber containing
the same treatment. Panels made with borate-treated lumber were more easily delaminated than panels
composed of PTIP-treated wood. Microscopic evaluation of CLT bondlines showed greater resin penetra-
tion in panels made with PTIP-treated wood; however, penetration was highly variable across specimens.
Borate-containing treatments increased surface wettability which may have contributed to reduced treated
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panel performance. The results help define the challenges associated with incorporating biocidal treatments
into panels and identify some mechanisms by which they reduce performance.

Keywords:

INTRODUCTION

Cross-laminated timber (CLT) is an engineered
timber product composed of an uneven number of
layers (usually three, five, or seven layers) of lum-
ber glued together in alternating layers offset 90°
from one another (Brandner et al 2016; APA
2018). The current form of CLT was first devel-
oped in Austria in the 1990s and has gained
global use as a sustainable building material
(Brandner et al 2016). CLT was first used in
building construction in the United States in the
early 2000s (Franca et al 2018). Because it is
made from wood, CLT sequesters CO, from the
atmosphere during its service life. The technology
also boasts several other advantages including
reduced construction time, easier construction
clean-up, strength-to-weight performance compa-
rable to concrete or steel, good seismic and fire
performance, and reduced energy consumption
(Mallo et al 2014; Crawford and Cadorel 2017,
Shahan et al 2021; Ayanleye et al 2022).

CLT is a material whose biological components
are degradable if they are wetted above the fiber
saturation point (~28% MC) at a wide range of
temperatures between 5 and 40°C. It is estimated
that the annual loss of wooden materials from bio-
degradation in the United States is around $5 bil-
lion and CLT-based structures will factor into
these totals as they age (Ayanleye et al 2022).
CLT is largely used for structural wall and
floor/ceiling assemblies in buildings in interior
protected applications that equate to American
Wood Protection Association (AWPA) Use Cate-
gories 1 and 2. These exposures face limited risks
of wetting and fungal decay provided the vapor
barriers and cladding remain functional and intact,
but interior framing materials such as CLT are at
risk for termite attack. North America is home to
several large population centers in tropical and
subtropical areas where high annual rainfall and
temperatures lead to greater decay risk than
those found in Northern Europe (Forest Products
Laboratory 2021). Additionally, the southern

CLT, preservative, bondline, melamine formaldehyde, polyurethane.

continental United States and Hawaii harbor a
number of subterranean termite species, the most
economically important wood-destroying insects
(Goodell and Nielson 2023). Hawaii is the only
U.S. state to require that all structural timber ele-
ments be preservative treated to a specific preser-
vative retention and this requirement will apply to
mass timber structures (Hawaii amended 2018
IBC section 2303.1.9).

Wood products can be protected from fungal or
termite attacks with chemical treatments applied
to wood topically or by pressure treatment (Oli-
veira et al 2018). The AWPA specifies chemical
retention levels for UC1 and UC2 that are suffi-
cient for protection against fungal decay and
wood-destroying insects as well as a special level
for protection against Formosan termites which
requires higher chemical loadings for borate-
based treatments (AWPA 2021). However, incor-
porating fungicidal or termiticidal treatments in
CLT can be problematic due to the potential for
chemical interactions with wood adhesives and
the size of panels relative to commercial treating
vessels. Preservatives can be incorporated into
CLT panels by using pressure-treated wood to
manufacture panels (prelayup treatment) or by
applying biocide to panels after a layup by pres-
sure or nonpressure processes (postlayup) (Franca
et al 2018; Wang et al 2018). Lamination using
dowels avoids the use of adhesives and should
enable the use of pressure-treated lamellae in
dowel-laminated timber construction without
compromising structural performance. However,
dowel-laminated timber is not as widely manufac-
tured in North America as CLT. As a result,
termite treatment solutions will have to be incor-
porated into CLT manufacturing or building
management for these materials to penetrate the
market more broadly.

Although chemical treatments can prevent fungal
and insect attacks, they can also adversely affect
CLT panel performance (Tascioglu et al 2003).
Postlayup treatments can be applied to whole
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panels with no need to resurface the treated
Panels. However, pressure treatment is limited to
panels smaller than the treatment vessel diameter
(usually under 2-3 m in diameter). These pro-
cesses are also limited to organic solvent-based
treatments because of the risk of swelling and
subsequent deformation. Prelayup treatments can
be used to produce panels of any dimension, but
the requirement to plane the lumber shortly before
resin application removes much of the preserva-
tive reducing durability and creating chemically
treated wastes. Preservatives can also interfere
with resin curing, resulting in reduced bondline
performance (Cai et al 2022).

A number of factors influence adhesive penetra-
tion into wood including wood species, surface
characteristics, porosity, surface tension, and pH.
Resin characteristics that can affect performance
include molecular weight, viscosity, pH value,
and curing additives. Excessive adhesive penetra-
tion can result in a starved bondline while insuffi-
cient penetration produces a thick bondline, with
both events leading to an adhesive failure (Kamke
and Lee 2007; Ciglian and Reinprecht 2022). The
addition of preservatives can further affect adhe-
sive bonding development (Kamke and Lee 2007
Faria et al 2020; Lim et al 2020; Ayanleye et al
2022; Ciglian and Reinprecht 2022; Alade et al
2023).

While preservative treatment may be necessary
for the performance of CLT in areas with a sub-
stantial risk of termite attack, it will be important
to confirm that the treatments do not adversely
affect glue line bond properties. The objective of
this study was to evaluate the effects of pre and
postlayup treatments on bondline integrity of
Douglas-fir CLT panels.

MATERIALS AND METHODS
Materials

Untreated CLT panels were made with coastal
Douglas-fir 2 X 6-in. nominal lumber obtained in
western Oregon. All treated lumber was also
made from coastal Douglas-fir. Borate-treated
lumber used to make panels was obtained from a
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commercial facility in western Oregon and was
treated with a solution of sodium octaborate tetra-
hydrate. PTIB-treated lumber was obtained from
a commercial facility and was dip-treated in a
solution of disodium octaborate tetrahydrate aug-
mented with propiconazole, tebuconazole, and
imidacloprid. PTIP-treated wood was pressure
treated in a commercial facility using a proprie-
tary solution containing propiconazole, tebucona-
zole, imidacloprid, permethrin, iodopropynyl
butyl carbamate (IPBC), and minor amounts of
borates. All lumber used for CLT panel construc-
tion in this study was commercially available
stock material and contained random proportions
of heartwood and sapwood.

Melamine formaldehyde (MF) adhesive was a
commercially available preparation that required
a hardener to be mixed before application. Poly-
urethane (PUR) adhesive was a commercially
available single-component adhesive that required
a primer to be applied to the wood before adhe-
sive application.

CLT Panel Fabrication

CLT panels were made using 51 X 152 mm nom-
inal (2 X 6-in.) Douglas-fir lumber that was either
untreated, dip-treated, or pressure-treated with
one of three preservative systems and one of two
resin systems. All lumber used for panel manufac-
ture was planed 1.6 mm (1/16th in.) before layup
using a Leadermac LMC-460PL 4-side planer/
molder (Blaine, WA). Three ply 1.52 X 2.44 m
(5 X 8 ft) panels were made for each treatment in
addition to three untreated panels at the Tall
Wood Design Institute at Oregon State Univer-
sity. Panels were glued with either MF or PUR
resin in combination with treated or untreated
wood as shown in Table 1. The resin was applied
using a custom APQUIP Co. resin applicator
equipped for one and two-component resin sys-
tems (Monterey, CA). Lumber was passed
through a resin curtain calibrated to deliver a spe-
cified application rate. MF was applied via a
two-part applicator with a 1.5:1 resin:catalyst
ratio at a rate of 367 g/m2. Assembly time was
75 min at 21°C, and press time was 5 h at 0.83
MPa (120 psi). The one-part polyurethane was
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Table 1. Preservative treatments and resin types used to produce nine three-ply, 5 X 8 ft Douglas-fir CLT panels examined

in this study.

Lumber preservative treatment

Preservative components

Adhesive

Postlayup treatments (PTIP)

Propiconazole, tebuconazole,

Melamine formaldehyde

imidacloprid, permethrin,
iodopropynyl butyl carbamate

Postlayup treatments (borates)
Postlayup treatments (PTIB)

Disodium octaborate tetrahydrate
Borates + propiconazole,

Melamine formaldehyde
Melamine formaldehyde

tebuconazole, imidacloprid

Control
Organic pressure treatment (PTIP)

Untreated control
Propiconazole, tebuconazole,

Melamine formaldehyde
Melamine formaldehyde

imidacloprid, permethrin,
iodopropynyl butyl carbamate

Borate pressure treatment (borates)
Borate/organic diptreatment (PTIB)

Disodium octaborate tetrahydrate
Borates + propiconazole,

Melamine formaldehyde
Melamine formaldehyde

tebuconazole, imidacloprid

Organic pressure treatment (PTIP)

Propiconazole, tebuconazole,

Polyurethane

imidacloprid, permethrin,
iodopropynyl butyl carbamate

Borate pressure treatment (borates)
Borate/organic diptreatment (PTIB)

Disodium octaborate tetrahydrate
Borates + propiconazole,

Polyurethane
Polyurethane

tebuconazole, imidacloprid

applied at a rate of 137 g/m* to boards that had pre-
viously been wetted with a 5% primer solution
at 20 g/m’. Adhesive application rates followed
manufacturer recommendations, and these were
assumed to be comparable with current industry
standards at the time. Lumber was arranged into
crosslams randomly with no attempt to normalize
laminae for heartwood and sapwood content across
panels. Lumber was arranged on a 2.44 X 3.05 m
(8 X 10 ft) Minda laboratory CLT press (Minden,
Germany). Assembly time was 60 min at 20°C and
press time was 2.5 h at 0.83 MPa (120 psi) with
pressure applied on the top and sides.

Nine CLT panels were produced for this study.
Three panels were made using untreated Douglas-fir
lumber and were subsequently cut into nine 457 X
762 mm (18 X 30-in.) subpanels each. Six test sub-
panels from each were treated with one of three
preservative treatments described in the section
“Preservative Treatment”. Two of the postlayup
treated panels per treatment were retained at OSU
for testing. The remaining subpanels were treated
and sent to Hawaii for separate termite testing.

The remaining 6 panels were produced using
pressure or dip-treated lumber that was planed

before assembly. Two panels were made per
treatment type, one using MF resin and another
using PUR resin as described above. The preser-
vative treatments used are described in Table 1.

Preservative Treatment

Lumber for the prelayup treatments and test
panels used for postlayup preservative treatments
were treated on a commercial scale treating plants
using pressure or nonpressure processes.

Borate pressure treatment was performed in a
commercial cylinder using disodium octaborate
tetrahydrate (DOT) to the AWPA Ul Formosan
termite retention level for borates of 6.7 kg/m’
(0.42 pcf) DOT. Lumber and test panels were
treated using a full cell process with a 30 min vac-
uum at -11.9 kPa (26 in Hg) followed by filling
the cylinder with a 10% w/w DOT solution. The
pressure was applied at 598 kPa (88 psi) within
15 s and then raised to an average of 931 kPa for
about 14 min to the target retention. The pressure
was reduced to 102 kPa (15 psi) over 60 s and the
cylinder was drained before pulling a final vac-
uum of -11.9 kPa (26 in Hg). Net absorption by
gauge was 1693 L (448 gal). The full cross
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section of borate pressure-treated lumber was
penetrated with borates as assessed by the treater.

PTIB dip treatment was carried out by soaking
lumber or test panels in a treating solution con-
taining 1.8% PTI and 11% DOT. The treatment
targeted a DOT retention of 1.9 kg/m3 (0.12 pcf).
Lumber and test panels were immersed in the
treating solution at 43.3°C (110°F) for 15 min
PTI retention calculated by solution uptake was
0.37 kg/m> (0.021 pcf). The full cross section of
PTIB dip-treated lumber was penetrated with
borates as assessed by the treater.

PTIP treatment was done in a commercial facility
producing lumber used for interior applications in
Hawaii. Retentions targeted were suitable for For-
mosan termite exposure in Hawaii and chemical
penetration was assessed at the treating facility.

The active ingredients in lumber or test panels
treated with these systems were quantified in the
outer 0.4-in. (10 mm) assay zone using the appro-
priate. AWPA standard. Materials were assayed
for borates while propiconazole and tebuconazole
were assessed for PTIB and PTIP. The assay zone
of lumber from each treatment was ground to
20 mesh in a Wiley Mill before analysis.
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Borates were quantified using the Azomethine
method, AWPA standard A65 (AWPA 2021).
Propiconazole and tebuconazole were quantified
in the organics-containing treatments by high-
performance liquid chromatography using a mod-
ified version of AWPA standard A48 (AWPA
2021). Permethrin, imidacloprid, and IPBC were
not quantified in the organic treatment and the
azole fraction was used as a measure of total
chemical retention (Table 2). The Formosan ter-
mite standard listed includes a sum of propicona-
zole, tebuconazole, and imidacloprid; however,
imidacloprid was not assayed in lumber used in
this study.

Bondline Strength Characterization Using
Delamination and Block Shear

Three specimens were collected from each 18 X
30-in. subpanel for a total of 12 blocks per treat-
ment according to guidelines outlined in the
ANSI/APA PRG-320 standard (APA 2018).
One exception to this was for the postlayup trea-
ted panels where triplicate samples were only
sourced from three of the four replicates per treat-
ment. This was due to unbonded regions after
manufacturing in some of the test panels that

Table 2. Retentions of borates, azoles, and imidacloprid in the 0.4-in. (10 mm) AWPA assay zone in pre and postlayup
treatments alongside Formosan termite standard retentions listed by AWPA. Prelayup treatments were planed before panel
fabrication and show a % percent preservative loss in this assay zone compared with unplaned treated lumber from the

same facility.

Boron

retention % Loss vs % Loss vs  Propicon % Loss vs Total
Resin levels unplaned  Tebuconazole  unplaned azole unplaned azole
Treatment Planed/unplaned Sample type system  (kg/m®) lumber (kg/m?) lumber (kg/m*) lumber (kg/m?)
AWPA formosan termite standard 4.5 0.08 0.08 0.21
Untreated Planed Untreated Panel MF  0.31* 0.00 0.01 0.01*
Borate Unplaned Lumber N/A 31.90 N/A N/A N/A
PTIB Unplaned Lumber N/A 198 0.10 0.20 0.30
PTIP Unplaned Lumber N/A 347 0.03 0.16 0.19
Borate Unplaned Postlayup treated MF  27.68° N/A N/A N/A N/A
PTIB Unplaned  Postlayup treated MF  1.27° 0.13 —23.53 023 0.36°
PTIP Unplaned Postlayup treated MF 2.58° 0.07 —-97.06 0.31 0.38°
Borate Planed Prelayup treated ~MF  13.42° 5793 N/A N/A N/A N/A N/A
PTIB Planed Prelayup treated MF  0.12° 93.94 0.00 100.00  0.01 96.98  0.01°
PTIP Planed Prelayup treated MF  1.21°  65.13 0.02 29.41 0.17 —1097 0.20°
Borate Planed Prelayup treated PUR 10.46°  67.21 N/A N/A N/A N/A N/A
PTIB Planed Prelayup treated PUR  0.22% 88.89 0.03 70.59 0.05 73.87  0.08°
PTIP Planed Prelayup treated PUR 2.32° 33.14 0.06 -64.71 0.19 —23.87 0.25°
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prevented the selection of sound test specimens
for delamination and block shear tests. Two 3 X
6 in. (76 X 152 mm) by panel thickness samples
were taken from near opposing corners at least
1.5 in. (38 mm) from the panel edge and one sam-
ple was taken from the center of the panel. Each
sample was cut into two paired 3 X 3-in. (76 X
76 mm) samples. One of the samples was
reserved for a block shear test and the other for a
delamination test. Delamination test specimens
were weighed and inspected for preexisting bond
issues and marked accordingly before being sub-
merged in water and subjected to a -70 £ 20 kPa
(21 £ 6 in Hg) vacuum stage for 30 min, fol-
lowed by a 520 = 20 kPa pressure stage for 2 h.
The saturated specimens were oven-dried at 70.0
* 0.1°C for about 14 h until MC was reduced to
about 10-15% w/w before soaking. After drying,
each specimen was visually inspected for bond-
line separation and measured using a =0.01 mm
caliper. Delamination was calculated according to
Eq 1:

X—-L
D % =

X 100% (1)

where D % is the percentage of delamination of
the sample, X is the measured (mm) delamination
of the bondline, and L is the total bondline length
(mm) before being placed in the pressure vessel.
In addition, samples were graded as pass/fail
according to the PRG-320 criteria where all speci-
mens must contain less than 5% delamination,
otherwise, the whole panel from which samples
are taken fails to meet the requirements (APA
2018). A total of 12 blocks were taken from two
prelayup panels and nine from postlayup panels
within each resin-treatment combination.

Block shear tests were performed according to
the ASTM D905 method referred to in PRG-
320. Tests were performed on 3 X 3-in. (76 X
76 mm) specimens sampled from the same loca-
tion as paired specimens tested for delamination.
The specimens were then cut into a stair step
shape according to ASTM D905. An Instron uni-
versal testing machine (Norwood, MA), equipped
with a 10kN capacity load cell with an accuracy
of +0.4 N was used to load each bond surface to
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failure. The ultimate load was recorded. After test-
ing, wood failure (WF) was assessed on both sides
of the fractured bond surfaces by illuminating the
broken surface with ultra-violent light and photo-
graphing the surface. Image J was used to deter-
mine the percentage of the surface that contained
MF or PUR resin, indicative of adhesive failure,
using the plugin Trainable Weka Segmentation
(version 3.8.5).

Microscopic Examination of the Bondline

Microscopic analysis of bondline integrity for
each treatment listed in Table 1 was done on
25 X 25 X 25 mm blocks taken from near the
panel edges (3 on each side) and the panel center
(three total). Each sample contained two bon-
dlines and the sections were microtomed to pro-
duce 90-pm thick sections across both bondlines
in the sample for a total of 18 thin sections per
treatment. Each bondline section was dyed with
safranin-o red and placed on a glass slide with
coverslip (Bastani et al 2016). Samples were then
examined under a fluorescent microscope to
observe adhesive penetration into the wood using
a 40X objective with an excitation wavelength of
450-490 nm. Average cell depth was determined
by counting the number of cells from the bondline
containing adhesive and dividing by the number
of cell rows visible in the photo. Penetration was
only measured in the CLT lamina visible in cross
section under the microscope.

Surface Wettability

Wettability was measured on treated boards after
planing using a Biolin Scientific contact angle
analyzer to measure resin droplet contact angle
with the wood surfaces by the sensile drop
method on all of the treated materials except
for PTIP due to loss of samples before the com-
pletion of the experiment. The planed boards
had ~1.5 mm planed off to represent the process
used to manufacture CLT with the treated wood.
The boards were cut into 1-in. X 5 1/-in. samples
conditioned at 65% RH and 20°C for over a
week before testing. The contact angle was exam-
ined with MF, PUR resins, and water using a
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19-gauge syringe to place drops on the tangential
early wood surface of each specimen. Three
replicate drops were placed on opposite sides of
each specimen for a total of six measurements
per piece. The surface tension of the resins was
measured by the pendant drop method at 22°C
and 65% RH using Young-Dupré Eq 2. Surface
energy was found for each treated and nontreated
surface.

SE = ST,(1 + Cos(@)) )

where SE is the surface free energy of the wood
surface, ST, is the surface tension of the adhesive
droplet, and the cos (@) is the contact angle of the
liquid drop formed on the wood surface.

Statistics

The data were subjected to an analysis of vari-
ance (ANOVA) among the control and resin/
preservative treatment combinations at o = 0.05,
using the Excel statistical package. All average
data are shown with =1 SD.

RESULTS AND DISCUSSION

Effect of Planing on Chemical Retention of
Wood Treatments

Planing is necessary for all lumber used in the
manufacture of CLT to ensure boards fit together
flush and to create an activated surface to facili-
tate bond development. This is a problem for the
use of pressure-treated or dip-treated Douglas-fir
lumber in CLT because most of the preservative
chemical is loaded near the surface of the wood
in the outer 10 mm (0.4-in.) assay zone for
50 mm (2-in.) thick lumber. Chemical retention
data for the different treatments used in this study
are shown in Table 2 along with the calculated
losses due to planing relative to nonplaned control
lumber of the same treatment. Major losses were
seen in the prelayup treatment due to the planing
step (Table 1). Planing removed 33-94% of the
borates in the AWPA assay zone for the prelayup
treatments while borate losses where the principle
active preservatives losses ranged from 57 to
94%. The greatest losses were seen in the borate-
PTI dip treatment which were 89-94%. This is
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because nonpressure treatments result in lower pen-
etration leaving the vast majority of preservative in
dip-treated lumber in the very outer layers where it
was planed off. It is important to note that despite
losing 58-67% of the original borates in the
AWPA assay zone due to planing, prelayup panels
pressure treated with borates still contained more
than double the AWPA retention level for Formo-
san termites. This suggests that despite planing, the
borate-treated lumber used in this study would still
effectively resist Formosan termite attack.

Nearly all of the azoles in the AWPA assay zone
were lost from the PTI dip-treated wood due to
planing. This indicates low levels of preservative
penetration in the dip treatment which is to be
expected. Azole levels in the PTIP treatment were
higher in planed panels than the nonplaned con-
trols, except tebuconazole in the MF panel. These
observations suggest that retentions were still suf-
ficient to maintain Formosan termite protection.

Preservative retentions tend to be higher near the
surface and planing removes this material. If the
10 mm assay zone specified in the AWPA Stan-
dards is used to measure retentions, then the assay
zone on the planed boards is likely to have a lower
retention in what becomes the new assay zone.
These data indicate that the planing of treated
wood for CLT manufacture results in chemical
waste and may also result in reduced preservative
retentions in the resulting panels. However, reten-
tion levels for most of the prelayup pressure treat-
ments after planing were still above those specified
for protection against Formosan termites. This is
especially notable with the azole retention levels
for the PTIP treatment after planing.

It must be noted that retentions on unplaned mate-
rial were not measured in the same boards used in
the CLT layup although they were prepared at the
same time. Thus, there may be some variations
between the boards. This explains why azole
retentions were higher for planed material for
some of the prelayup-treated PTIP panels.

Delamination

Some panels had areas with considerable delami-
nation that were avoided when obtaining test
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samples. Heavily delaminated panels included a
subpanel from one of the replicates treated with
PTIP after layup. The extensive delamination in
this panel limited the number of samples that
could be tested for bondline integrity. Borate
postlayup treatment also absorbed extensive
moisture and had a high amount of preexisting
delamination. The delamination could reflect poor
handling and storage or manufacturing error
creating too much open assembly time before
pressing (Long and Morrell 2011; Ayanleye et al
2022; Lukowsky and Nguyen 2023). Minimal
planing was done on the panels to try and limit
preservative loss. This also may have limited
effective bonding in some of the panels. Although
it would be difficult to delineate, it is possible that
the treatment of the assembled panels induced
stresses along the gluelines that contributed to sub-
sequent delamination. Current APA standards pre-
clude pressure treatment of laminated timbers
with water-based systems due to these concerns,
although there is evidence that the process does
not negatively affect flexural properties (Long and
Morrell 2011). Test samples for the delamination
test were selected to be free of visible delamina-
tion and only two borate-treated samples had any
preexisting delamination before they were tested.

Delamination results for all of the different treat-
ments are shown in Table 3. Postlayup treatments
had lower levels of delamination than prelayup
treatments. Organic and borate postlayup treat-
ments performed similarly to the untreated controls
(1.7%) while delamination in PTIB was at 4.5%.
Previous studies have also shown that postlayup
preservative CLT treatment had less effect on
bondline integrity since it eliminated the risk of
preservative interference with resin curing (Tascio-
glu et al 2003; Kuka et al 2022, Taylor et al 2022).

The most extensive delamination was observed in
prelayup treatments (Table 3). The greatest
delamination was observed in borate and PTIB-
based treatments, especially with PUR panels.
The panels composed of borate-treated lumber
and MF resin were the only other panel to have
some prior delamination. PTIP-based treatments
were associated with the least delamination for
either resin (slightly over 2%) (Faria et al 2020).

Table 3. Effect of pre and postlayup preservative treatment of CLT panels on delamination and block shear. Standard deviations are shown in parentheses.

Prelayup

Postlayup

Control

Test

Borate PTIB MF-PTIP MF-Borate MF-PTIB PUR-PTIP PUR-Borate PUR-PTIB

PTIP

Control

Delamination

12 12 12 12 12

12

12

X

1.7% (2.3)

Total # of specimens

Predelamination check
Avg. sample %

22% (2.1) 1% (62)  14.2% (10.1)

5.3% (9.2)

5.1% (3.3)

4.5% (2.8)  2.5% (2.5)

1.1% (1.5)

0.8% (.8)

delamination
% Specimens failed”

(8/9) (8/9) (7/9) (9/12) (8/12) (9/12) (11/12) (7/12) (5/12)
11% (F) 33% (F) 25% (F) 8% (F) 58% (F)

11% (F)

(10/12)

42% (F)

25% (F)

33% (F)

17% (F)

Block shear

12 12 12 12 12 12 12 12 12
94.2% (5.1)* 98.1% (3.6)* 98.0% (3.2)* 96.3% (3.2)* 97.9% (3.9)* 98.2% (2.7)* 96.5% (5.3)* 93.0% (9.2)* 84.2% (23.4)* 75.2% (21.6)°

12

Total # of specimens
Avg. WF of all

specimens”
Above 60% WF

(912)
25% (F)

100% 100% 100% 100% 100% 100% (11/12)
8% (F)

100%

100%

a

specimens

“F = failure as defined in the PRG-320 standard where if 5% of samples fail the panel does not pass.
**Different lowercase letters indicate statistically significant differences (ANOVA, a = 0.05).
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Figure 1.

Effects of post layup (A) treatment and pre-layup (B) treatment on maximum shear strength of CLT panels tested.

Error bars represent 1 SD while bars with the same letters do not differ significantly from the control at « = 0.05.

Mbhamali et al (2022) reported similar negative
delamination effects of boron treatments in combi-
nation with PUR resins possibly due to the effects
of boron on the surface energy of the wood.

Block Shear

Shear strength values were similar among all
treatments (Bagheri et al 2022) (Fig 1). The pro-
portion of wood to glueline failure is usually a

good indicator of bondline performance (Wang
et al 2018). PRG-320 standard requires a minimum
of 60% WF in a glueline shear test. WF was above
90% for all treatments except prelayup treatments
with borates or PTI. The success of postlayup
treatments by this metric could be due to the suc-
cessful formation of an adhesive bond in the
absence of chemical, whereafter chemical interfer-
ence with the bondline would not be able to
interfere with resin curing (Kinniger et al 2019;
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Kuka et al 2022). Long and Morrell (2011) per-
formed a similar test with nonincised Douglas fir
beams and found that post-layup treatment with
DOT had the minimum effect on bondline perfor-
mance and high WF. These findings were consis-
tent with the fact that borates affect resin cure but
would be expected to have a negligible effect on
cured resin.

PUR was most affected by borate or PTI treat-
ments with WFs of 84.2% and 75.2%, respec-
tively (Table 3). The slightly lower degrees of
WF suggest that that adhesive type may play a
slight role (Lim et al 2020; Mbhamali et al
2022). Kinniger et al (2019) noted that the
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aromatic backbone of MF resins can form strong
crosslinking networks resulting in less ductile
failures compared with PUR which may have
contributed to less WF.

Increasing boron concentrations in wood compo-
sites have been shown to reduce shear strength in
PUR- and MF-based composites (quifqi 2006;
Mbhamali et al 2022). High concentrations of
boron have been shown to have negative effects on
panel strength (Taylor et al 2022). Organic biocides
have been shown to have lower impacts on com-
posite strength than inorganic treatments, although
some negative effects have been observed (Antwi-
Boasiako and Appiah 2012; Faria et al 2020).
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Figure 2. Effect of pre (A) and postlayup (B) preservative treatment of CLT on adhesive penetration represented as the aver-

age number of cells containing visible resin from the glueline.
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Alipon et al (2018) found comparable results to
the current study with deltamethrin + propicona-
zole and various resins.

Wettability and Adhesive Penetration

Adhesive penetration in CLT panels can be
readily visualized by fluorescence microscopy
since the resins fluoresce while the wood
remains darkened red by safranin staining.
Adhesive penetration varied widely between
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sometimes made it difficult to compare different
treatments (Fig 2). Preservative treatments fur-
ther complicated the analysis.

Adhesive penetration did not differ among the
postlayup treatments reflecting the fact that the
resin cured before treatment (Fig 2[a]). However,
there was evidence of bondline damage with
noticeable voids, which could be due to the partial
weather cycle during pressure or dip treatment as
the water-borne preservative swelled the wood

samples even within treatments, which and stressed the bondline (Fig 3[a]).
Post-layup resin penetration in treated wood
MF
Best Worst
Control
Borate
PTIB ” q
PTIP
(a)
Pre-layup resin penetration in treated wood
MF PUR
Best Worst Best Worst
Control
PTIB ‘e Sy
- T
(b)
Figure 3. (A) Post layup, melamine formaldehyde (MF) adhesive. (B) examples of safranin-O-stained fluorescence micrographs of

CLT bondlines taken from panels made with wood treated with one of three biocides and two adhesives MF or polyurethane (PUR).
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Table 4. Contact angle and surface energy for adhesives on
treated/nontreated early wood planed boards. Stats com-
pared with control and respective resin treatment combina-
tion within the same group.

Sample CA (0) SE (mN/m)
MF-Cont. 82 (14)* 69 (12)*
ME-PTIP N/A N/A
MF-Borate 77 (12)* 75 (12)*
MEF-PTIB 78 (16)* 73 (17)*
PUR-Cont. 35 (9)* 44 (2)*
PUR-PTIP N/A N/A
PUR-Borate 35 (6)* 44 (2)*
PUR-PTIB 34 (8)* 44 (2)*
Water-Cont. 57 (23)* 118 (24)*
Water-PTIP N/A N/A
Water-Borate 7 (2)b 152 (1)b
Water-PTIB 11 (2)b 151 (4)b

Adhesive penetration varied widely in CLT com-
posed of pretreated lamella. Adhesive penetration
for MF-Borate and MF-PTI-treated panels
trended lower than the controls although there
were examples of the opposite trend. This
was surprising since contact angle tests using
MF adhesive on treated wood used in this
study showed that treatments, particularly
borates and PTI, were associated with decreased
contact angles, indicating greater wettability
(Table 4).

Previous studies indicate that boron limits adhe-
sive penetration into the wood surface and
increases gelation ( Gao et al 2016; Alade et al
2022, 2023). Other studies have shown that lower
borate concentrations can have a greater negative
effect on bondline quality than higher concentra-
tions by reducing adhesive penetration, creating a
thicker bondline, and reducing bond strength (Qin
et al 2019; Lim et al 2020).

Borate and PTI treatments were also associated
with increased wood surface wettability in CLT
constructed with PUR. Microscopic analysis sug-
gested that average PUR penetration was deeper
than MF for each treatment type. PUR tends to
have lower polarity and a higher viscosity which
would limit penetration into the wood cells
(Ciglian and Reinprecht 2022). Other preservative
systems have been shown to increase wood
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wettability such as micronized copper azole-
treated southern yellow pine using PUR (Cai et al
2022). Composites made with this material had
the thinnest bondlines compared with control and
the lower retention treatments. Ciglian and Rein-
precht (2022) found that treating spruce compo-
sites containing PUR with various inorganic
treatments reduced surface wettability except
with boric acid. Adhesive penetration was also
increased over control for all preservatives with
boric acid having the highest penetration overall.
A similar mechanism could be driving the poorer
bondline performance in borate-containing treat-
ments in this study.

Increased resin penetration may occur via several
mechanisms. Preservatives can negatively affect
resin penetration by physically or chemically
blocking resin movement (Lorenz and Frihart
2006; Kamke and Lee 2007; Lim et al 2020).
Resin penetration can also be affected by late-
wood and earlywood differences which can also
affect preservative distribution. Earlywood is
more permeable and creates a better wettable sur-
face than latewood. Adhesives will follow the
path of least resistance during pressing and flow
more into earlywood cells than latewood which
can cause air pockets to form and create an
uneven bondline (Cai et al 2022; Ciglian and
Reinprecht 2022). PUR curing is highly depen-
dent on wood moisture and releases carbon diox-
ide that can create an inner vapor pressure driving
more adhesive further into the wood and away
from the bondline (Bastani et al 2016). This might
explain why PUR panels in our study appeared to
have more voids in the bondline than MF (Fig
3[b]). It is also important to note that this study
only focused on one commercially relevant wood
species used in CLT manufacture, Douglas-fir.
The adhesive penetration patterns observed here
in combination with treated Douglas-fir may vary
with other wood species due to anatomical differ-
ences in species that could impact adhesive flow.
Chemical distribution can also differ greatly
between wood species and these differences may
cause changes in how and where adhesives inter-
act with preservative chemicals during the bond-
ing but were not assessed in this study.
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The deepest resin penetration was noted with
organic treatments for both resin types. In fact, by
visual observation, organic treatments had the thin-
nest bondlines for both the best and worst slide
samples (Fig 3[b]). Alipon et al (2018) found that
organic treatments such as propiconazole, deltame-
trin, and permethrin outperformed inorganic treat-
ments with various adhesives and provided full
protection against termite attacks. Cai et al (2022)
noted that thin bondlines usually can outperform
composites with thicker bondlines as the more
highly concentrated treatments accelerated curing
reactions and created extensive branching within
the wood structure. This could also explain why
some authors observed increased shear strength as
preservative concentration increased which pro-
duced a consequent increase in wettability (Tascio-
glu et al 2003; Lim et al 2020).

CONCLUSIONS

Prelayup planing of treated wood reduced the
active preservative concentrations in MF and
PUR CLT panels, average levels were still suffi-
cient to protect pressure-treated materials against
Formosan termites on average. This suggests that
panels made with pressure-treated laminae
(borates and PTIP) would provide good protec-
tion against Formosan termites. The presence of
preservatives in the wood did impact bondline
quality by increasing wettability and starving the
bondline. Of the treatments, PTIP, appeared to
have less of an effect on the bondline integrity
even though the bondline was the thinnest of
those in preservative-treated wood. All panels
made with treated laminae in this study had sig-
nificant issues with delamination that would have
resulted in them failing quality control according
to the PRG-320 standard. This finding indicates
there are significant hurdles to manufacturing
CLT with currently available preservative-treated
wood, although one of the treatments, PTIP had a
lower negative effect on panel performance.
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Abstract. Rapid, accurate determination of wood moisture content is paramount for the wood industry,
infrastructure maintenance, studies of plant physiology, and forest management. Near-IR reflectance
spectroscopy (NIRS) is a widely used nondestructive technique for analyzing the properties of materials,
including MC. Small, portable, handheld NIR spectrometers represent an emerging technology with strong
potential for rapidly, affordably estimating materials properties. Here, we used a SCiO™ miniature hand-
held NIR spectrometer and a partial least squares regression model to predict wood MC. The model was
developed using spectra (740-1070 nm) collected from increment borer wood samples from 41 representa-
tive softwood and hardwood trees, calibrated against gravimetric wood MC determined by oven-drying.
The calibration and prediction datasets contained 2/3rd and 1/3rd of all data, respectively. We explored the
effects of different spectral preprocessing algorithms (ie first and second-order derivatives and standard
normal variate transformations) on model performance. First-order derivative spectra with five latent vari-
ables yielded the most robust model (RZ: 0.72, RMSEp: 0.32, the ratio of performance to deviation: 2.2).
Broadly, we demonstrated that relatively low-cost miniature handheld NIR spectrometers such as the

SCiO™ can rapidly estimate percent MC in the wood of various species.

Keywords:

INTRODUCTION

Moisture content is an important wood quality var-
iable (Leblon et al 2013), influencing its weight,
volume, elasticity, tensile and compression
strength, milling properties, and thermal yield dur-
ing combustion (Mitchell 1961). Determining MC
gravimetrically (by weighing a sample before and
after oven-drying) is time-consuming. It requires
destructive sampling, while passive methods such
as Fourier transform IR spectroscopy and X-ray
tomography require bulky, costly, and specialized
laboratory equipment with limited portability
(Leblon et al 2013; Pu et al 2021). Compact, low-
cost (~USD 800 in 2024), portable handheld near-
IR (NIR) spectrometers represent an emerging

Biometry, moisture content, near-IR spectroscopy, rapid measurement, wood.

technology for affordable, rapid determination of
MC in wood in the field, mill, or laboratory.

NIR spectroscopy measures light (400-2500 nm)
reflected from a material surface to reveal the
chemical bonds associated with various functional
groups (eg OH, CH, NH) within the material (Ma
et al 2019). The electrons in the O-H bonds of
moisture (water) interact specifically with photons
corresponding to the following NIR bands: 760,
970, 1190, 1450, and 1940 nm. Broadband or
narrow-band spectra can be calibrated against
gravimetrically determined MC in reference sam-
ples using a multidimensional regression model,
which can be used subsequently to predict the
MC in samples with similar physicochemical
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properties (Kelley et al 2004; Via 2004; Leblon
et al 2013; Sundaram et al 2015; Liang et al
2019). In addition to benchtop NIR spectroscopy
instruments, many miniature NIR spectrometers
have been developed (Li et al 2018; Wiedemair
et al 2019; Cazzaniga et al 2022). Compared with
the broad spectral range (400-2500 nm) and higher
resolution data acquired by benchtop NIR spectro-
meters, these miniature devices typically acquire
narrower band spectra with lower resolution (Pillo-
nel et al 2007; Digman et al 2021; Nkouaya
Mbanjo et al 2022; Cazzaniga et al 2022). One
example is the handheld SCIO™ spectrometer
(Consumer Physics Inc., Tel Aviv, Israel) that can
acquire a spectrum ranging from 740 to 1070 nm
(wavelength resolution <10 cm™ ', sampling fre-
quency: 1 nm). Multiple studies have demonstrated
the feasibility of using miniature NIR spectro-
meters to determine physiochemical properties,
such as the proportion of solids, moisture, sugar,
and protein in agricultural commodities (eg cheese,
hay, corn, apple, kiwifruit, and feijoa [Li et al
2018; Digman et al 2021; Cherney et al 2023]).

Collecting NIR spectral data in the field can be
challenging due to variable and suboptimal envi-
ronmental conditions (eg temperature, humidity),
which can potentially decrease measurement pre-
cision, accuracy, and resolution. To maximize
reliability, the devices should be trained (cali-
brated) to generate accurate predictions from rela-
tively wide NIR spectral bands acquired under
the anticipated range of operating environmental
conditions. Because of methodological innova-
tions in machine learning algorithms, increasing
affordability and accessibility of computational
processing, and affordable data storage, machine
learning has become a valuable method to process
complex data rapidly and accurately on a large
scale, with minimal human intervention. Spectral
pretreatments, such as standard normal variates
(SNV), first-order derivatives (FD), and second-
order derivatives (SD) can increase the reliability
of quantitative measurements predicted from NIR
spectra and be readily performed on recent ver-
sions of personal computing devices such as
smartphones. SNV reduces the multiplicative
interference present in spectral data (Cazzaniga
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et al 2022). FD enhances the peaks of the spectral
data or reduces the effect of additive baselines,
and SD can reduce the effect of multiplicative
baseline scattering (Ferrara et al 2022b).

Partial least squares (PLS) regression is a com-
mon and effective machine learning algorithm for
generating predictive models by calibrating pre-
processed NIR spectra against quantitative mea-
surements determined by a secondary method (Li
et al 2018; Wiedemair et al 2019; Cazzaniga et al
2022; Ferrara et al 2022a, b; Nkouaya Mbanjo
et al 2022). PLS regression utilizes a combination
of principal component analysis and multivariate
linear regression models involving two sets of
data: calibration (training) data and prediction
data (Geladi and Kowalski 1986). Calibration
model fit and predictive accuracy are iteratively
optimized by cross-validation using different
subsets of the data (eg 2/3rd of the dataset for cal-
ibration and 1/3rd of the dataset for assessing pre-
diction quality). The data quality metrics, namely
coefficient of determination (R®), root mean
square error (RMSE), and the ratio of perfor-
mance to deviation (RPD) are internal validation
parameters used to assess calibration model per-
formance (Cazzaniga et al 2022; Ferrara et al
2022a, b; Haruna et al 2022). R? (range 0-1) is a
variant of the R* adapted to n-dimensional space,
and as with its 2-dimensional counterpart, a value
closer to unity indicates a better calibration model
fitt. RMSE quantifies the calibration precision,
representing the standard deviation of calibration
errors. RPD measures the predictive power and
accuracy of the calibration model, with higher
RPD values (generally >3) being desirable
(Rubert-Nason et al 2013; Cazzaniga et al 2022;
Ferrara et al 2022a, b; Haruna et al 2022).

In this study, we calibrated and validated a model
for predicting the MC of green wood in live forest
trees using a low-cost, compact, handheld NIR
spectrometer. We hypothesized that a predictive
model developed using machine learning would
enable the determination of MC in wood from
the relatively low-resolution, narrow-band NIR
spectra provided by this type of instrument. The
influence of various spectral preprocessing com-
binations on the power of PLS regression for MC
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prediction was compared in terms of R?, RMSE,
and RPD.

MATERIAL AND METHODS
Study Site and Data Collection Tools

Wood increment cores (7-10 cm long) for model
development and testing were collected from hard-
wood and softwood trees of merchantable size (41
total, diameter at breast height circa 10-20 cm,
core length: 7-10 cm) within the Fournier Biologi-
cal Park at the University of Maine at Fort Kent
(47.246910N, —68.592626W). We developed a
single calibration model for estimating MC in
wood of the following taxa that are commonly
found in northern mixed forests of North America:
Poplar (Populus spp.), Balsam fir (Abies balsa-
mea), Birch (Betula spp.), Black ash (Fraxinus
nigra), Spruce (Picea spp.), Cedar (Thuja occiden-
talis), Red pine (Pinus resinosa), Pin cherry (Pru-
nus pensylvanica), and Maple (Acer spp.) (Sibley
2009). The numbers of each species represented in
the calibration set represented the approximately
uniform abundances of these different species in
the sampling site, permitting the development of a
single calibration model optimized for determining
wood MC in northern mixed forests.

Within 10 min of collection, cores were scanned
at a single location near the center along the radial
edge with a handheld NIR spectrometer (SCIO™,
v 1.2; Consumer Physics Inc.), and the data were
stored in the Cloud provided by the vendor. Core
samples were promptly placed inside labeled
paper envelopes, bundled together, and trans-
ported inside plastic bags within a cooler box to
prevent moisture loss.

Spectral Data Collection and
Mathematical Treatment

Spectral acquisition. Reflectance spectra (six
scans per sample spanning 740-1070 nm) were
collected for each of the wood cores, by scanning
against a white background (Fig 1). The wood
samples were weighed when wet, dried in an
oven to constant weight at 60°C, and weighed
again to determine gravimetric wood MC. Wood
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MC was calculated and reported as a percentage
of dry wood weight.

Spectral preprocessing. We evaluated the
effects of using broadband (740-1070 nm) and
narrow-band spectra (760 and 950-970 nm) and
the following spectral pretreatments on PLS model
performance: SNV, FD, and SD. These transfor-
mations were tested alone and in combinations to
evaluate their impacts on the prediction power and
identify the combination with optimal accuracy.
For optimizing the selection of preprocessing
transformations (Fig 1), we followed a similar
approach to Ferrara et al (2022a, b).

PLS Regression Models

We subjected spectral data under various prepro-
cessing combinations to PLS regression to create
and select the optimal model for predicting wood
MC. The dependent variable was the gravimetric
MC (% w/w) of the wood samples and the inde-
pendent variable was the reflectance of light
across the entire 740-1070 nm band. The data set
was divided into calibration (training) and valida-
tion (test) subsets using the Kennard-Stone
sampling method (Kennard and Stone 1969). Cal-
ibration data comprised two-thirds of the total
samples and prediction data comprised one-third
of the total samples.

Spectral preprocessing and PLS regression were
computed using Origin Pro (version 2023b; Origi-
nLab Corporation, Northampton, MA). The RPD
was calculated using the method of Pillonel et al
(2007). The calibration model was cross-validated
using 10-fold cross-validation. Following this method,
once a calibration model was built based on a sub-
set of the data (calibration dataset), the remaining
subset (prediction dataset) was subjected to the
model for prediction of MC, and the model was
iteratively refined. In this way, the performance of
the calibration model was evaluated by the optimal
number of latent variables, R?, RMSE%, and RPD.

RESULTS

Wood spectra varied concerning MC, particu-
larly in the moisture-absorbing bands (760 and
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950-970 nm), and spectral preprocessing influ-
enced the magnitude of features associated with
variations in MC (Fig 2). The relative standard
deviation (RSD) of the six NIR spectra scanned
for each tree sample, averaged across all 41 sam-
ples, varied by wavelength from 0.043 to 0.074
(as a proportion of average spectral amplitude at a
given wavelength). Within any particular sample,
the RSD ranged from 0.0003 to 0.254 (Fig S1).
Strategic selection of preprocessing treatments (ie
normalization SNV, FD, and SD) was essential to
maximizing spectral differences relating to MC

(Fig 2) and the predictive power of the resultant
calibration (Table 1).

Selection of broadband vs narrow-band spectra
(focused on moisture-absorbing wavelengths) had
minimal impact on PLSR calibration model
fit (evidenced by R?*(C) and RMSE(C)); but the
predictive power of PLSR models based on
broadband spectra was superior (evidenced by
R*(P), RMSE(P), and RPD) (Fig 3; Fig S2). The
choice of spectral preprocessing methods also
substantially influenced the performance of PLSR
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calibration models. Collectively, R*C), R*(P),
RMSE(C), RMSE(P), RPD (Table 1), and the
correspondence between predicted and actual
(secondary) validation measurements of wood
MC (Fig 3) revealed that the optimal calibration
was obtained with first-derivative pretreatment of
broadband spectra (Table 1). Other pretreatment
permutations involving first derivative and SNV
transformations also produced potentially useable,

albeit less accurate calibrations. Some calibration
models fit the training dataset well (ie spectra
with SNV+FD pretreatment), but predicted MC
less reliably (RPD: 2.0).

DISCUSSION

Our study reveals that miniature, narrow band-
width NIR spectrometers such as the SCIO™ can
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Table 1. Quality criteria for partial least squares regression models fitted to reference wood MC and broadband spectra

under different spectral pretreatments.

Spectral preprocessing combination LV R*(C) RMSE(C) R(P) RMSE(P) RPD
Raw, FD 5 0.86 0.60 0.72 0.32 2.20
Raw, FD, SNV 7 0.80 0.76 0.72 0.68 1.03
Raw, SD 7 0.97 0.36 0.74 0.39 1.80
Raw, SD, SNV 1 0.48 0.85 0.55 0.32 2.19
Raw, SNV 8 0.80 0.75 0.80 0.48 1.46
Raw, SNV, FD 8 0.88 0.74 0.58 0.35 2.00

Raw, SNV, FD, SD

Calculation was terminated due to model overfitting

LV, latent variables; R, coefficient of determination:; RMSE(C), root mean square error of calibration; RMSE(P), root mean
square error of prediction; RPD, ratio of performance to deviation; FD, first-order derivative; SD, second-order derivative; SNV,

standard normal variate.

provide rapid and cost-effective estimates of
MC in the wood of northern temperate forest
trees. Our best calibration against gravimetrically
determined reference values, obtained by PLS
regression with first-derivative broadband spectra
as is common in quantitative NIR (Vibhute et al
2018), met validation criteria (R%: 0.86, R3: 0.72,
RMSE: 0.32, and RPD: 2.2) that are generally

regarded as acceptable for meaningful predictions
(R2 > (.70, RMSE: small [Rubert-Nason et al
2013; Li et al 2018]). Nevertheless, an RPD
of 2.2 was less than the preferred threshold of
3.0 and indicated that predictions were of limited
precision. Relative to larger, more costly spectro-
meters such as the Foss NIRSystem 5000 (1100-
2498 nm bandwidth) (Yang et al 2024), spectra

Raw, FD Raw, FD, SNV Raw,SD
200 200 Classify
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Figure 3. Predicted vs actual wood MC by partial least square regression models fitted with spectra subjected to different pre-

processing treatments. (a-f) Effects of different spectral preprocessing method combinations on wood moisture prediction. FD,
first-order derivative; SD, second-order derivative; SNV, standard normal variate.
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acquired with the SCIO™ were of comparatively
lower resolution. The quality of the PLS model fit
for moisture determination with the miniature
NIR device (R*: 0.8) was also correspondingly
lower than that of the benchtop NIR sensor (R*:
0.92) (Kaur et al 2017).

The selection of spectral pretreatments is vital to
optimizing the predictive power of the PLS
model, as evidenced by large variations in the
PLS model predictive power in response to the
different pretreatment combinations that we
explored (Table 1). Selecting a specific preproces-
sing method is a trial-error process and cannot be
addressed prescriptively (Agelet and Hurburgh
2010). Optimizing model fit based on different
permutations of common pretreatments (ie SNV,
FD, SD) adjusts the baseline and scales the spec-
tra to enhance the weighting of moisture effects
(SNV), delineate moisture-related peaks (FD),
and reveal more nuanced spectral qualities associ-
ated with MC (SD). It is essential to optimize
combinations of spectral pretreatments for both
model fitting and model predictions because some
combinations may produce a strong model fit but
less reliable model predictions (as we observed
with SD+SNV spectra), and to avoid too many
spectral pretreatments as they can lead to model
overfitting (ie SNV+FD+SD).

Although the predictive power of miniature NIR
spectrometers is limited by hardware characteris-
tics such as narrower bandwidths and lower sen-
sor resolutions compared with larger benchtop
devices, it may be possible to increase their pre-
dictive power by strategic calibration model
selection and diversification of training data sets.
While PLS is a common approach to instrument
calibration (Li et al 2018; Wiedemair et al 2019;
Cazzaniga et al 2022; Ferrara et al 2022b;
Nkouaya Mbanjo et al 2022), alternatives such as
modified PLS (Rubert-Nason et al 2013), princi-
pal component regression (Vigneau et al 1997),
and neural network analysis (Wu et al 1996) have
occasionally been used and merit further exploration.
While developing calibrations for moisture determi-
nation using only the two specific, strong spectral
maxima for water (760 and 950-970 nm [Kasim et al
2021]) within the SCIO™ spectrometer’s operating
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range (740-1070 nm) would be desirable to increase
method specificity and decrease potentially interfer-
ing covariances, this action resulted in calibrations
with less predictive power. We speculate that the
detrimental effect of restricting our spectra to
specific narrow bands may be a consequence of
insufficient spectral data—attributed to the lower
resolution of our instrument.

Multiple authors have examined how the diversity
of training sample sets impacts the quality of cali-
bration model fits and predictions. The general
trend for PLS calibrations is that prediction power
decreases as the diversity of the training sample
set increases. For example, the inclusion of a
broader range of tree species and ages is associ-
ated with lower R* values in some calibrations
(Schimleck et al 2018). In the case of the
SCiO™, Ma et al (2019) compared the effects of
various permutations of spectral preprocessing
and regression approaches (eg PLS discriminant
analysis, interval PLS, and multiple linear regres-
sion with forward and backward selection), and
found that the use of the instrument’s full band-
width (740-1070 nm) and PLS regression maxi-
mized predictive power for casein (R*: 0.45-0.56,
RMSE: 1.28-1.42, RPD: 1.4-1.5) and total protein
(R* 0.7-0.77, RMSE: 0.53-0.62, RPD: 1.8-2.1),
but that predictive power (RPD) was less than the
desired 3.0. Because factors such as spectral band
selection, preprocessing, plant species, plant age,
and sample set size can impact the accuracy of
quantitative NIR predictions, it is likely possible
to obtain more accurate estimations of wood MC
with miniature NIR spectrometers by using a
larger training dataset and a calibration routine
that statistically accounts for these different fac-
tors. Specifically, we suggest that our calibration
could be improved by using a larger sample set
and a modeling algorithm that incorporates tree
taxon and classification of wood samples by age
and position within the tree (sapwood/heartwood).

CONCLUSION

Miniature NIR spectrometers with limited band-
width (ie 740-1040 nm), such as the SCIO™, can
provide rapid, cost-effective estimates of wood
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MC in field environments when calibrated against
gravimetrically determined reference values by
PLS regression. However, tools like the scio™
appear to be less accurate, presumably due to their
lower resolution compared with larger, costlier
benchtop and backpack-type NIR spectrometers.
Selection of spectral preprocessing routines is key,
with our best-performing calibration (R% 0.72,
RMSEp: 0.32, RPD: 2.2) obtained using first deri-
vatives of spectra. Further studies should aim to
improve the predictive power of these miniature
instruments, by expansion of training datasets to
include a greater diversity of tree species, ages,
and sampling locations.
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Abstract. This study investigated the influence of wood grain angle (0°, 10°, 20°, 30°, 45°, 60°, 75°, and
90°) on acoustic emission (AE) characteristics of southern yellow pine columns subjected to compressive
loading. Four AE parameters considered were counts, cumulative counts, count rate, and amplitude. The
main conclusion was that AE cumulative counts vs time curves can be characterized by three distinct stages
in terms of AE count rates: initiation, growth, and acceleration. The initiation stage had a constant mean
count rate of 0.33 counts/s compared with the growth stage mean count rate of 19.10 counts/s, whereas the
acceleration stage had a mean count rate of 608.40 counts/s. Within each stage, count rates increased as the
grain angle increased from 0° to 30°, then dropped as the grain angle further increased to 90°. Maximum
AE counts and total cumulative AE counts all increased as the grain angle increased from 0° to 30° and
decreased as the grain angle further increased to 90°. Higher AE amplitudes were observed in the yield and
failing stages of tested wood columns according to their stress—strain curves plotted together with their cor-
responding amplitude—time curves. Maximum amplitude increased as the grain angle increased from 0° to
20°, then had a decreasing trend as the grain angle increased to 45°, followed by an increasing trend as the
grain angle increased to 75°. These differences in AE characteristics suggested that AE “signatures” in

terms of AE signals do exist for timber materials when subjected to compressive loading.

Keywords:
stress—strain.

INTRODUCTION

Wood, a natural renewable resource, is a valuable
construction material, because of its low energy
consumption, workability, high strength proper-
ties, and reliability in structural applications
(Hindman and Bouldin 2015; Nguyen et al 2017,
Ramage et al 2017). Southern yellow pine (Pinus
spp- L.) (SYP) is a common and widely used
group of commercial softwood species in the
United States because of its availability, visual
appeal, and good strength properties, making it
suitable for use in structural applications (South-
ern Forest Products Association (SFPA) 2018).
The SYP species group grows throughout the
southeastern United States, from Virginia to
Texas (Junaid et al 2018).

Wood is an orthotropic material and has unique
mechanical properties in its three principal plane
directions: longitudinal (L), radial (R), and tan-
gential (T) (Green et al 1999; Reiterer and Stanzl-
Tschegg 2001; Kretschmann 2010). In lumber,
tension and shear failure are considered brash fail-
ures. However, compression failure is regarded as
a ductile failure (André et al 2013; André et al
2014) and must be considered in designing a
building structure. The design parameters mostly
considered are bending and compression perpen-
dicular to the grain when the wood is used as a
construction material (Turkot 2019; Carmona-
Uzcategui 2020; Carmona-Uzcategui et al 2020;
Irby et al 2020a; Turkot et al 2020). However,

Grain angle, acoustic emission (AE), southern yellow pine (SYP), compression,

wood is extremely strong in both compression
and tension parallel to the grain (Turkot 2019;
Carmona-Uzcategui 2020; Turkot et al 2020;
Carmona-Uzcategui et al 2020; Irby et al 2020a).

One of the most important variables affecting
compression properties in wood is grain orienta-
tion (Green et al 1999; Kretschmann 2010). The
orientation of grain relative to the strength of lum-
ber is critical in understanding the mechanical
properties of wood (Green et al 1999; Kretsch-
mann 2010; Ingemi and Yu 2019; Turkot 2019;
Carmona-Uzcategui 2020; Carmona-Uzcategui
et al 2020; Irby et al 2020b; Turkot et al 2020).
Therefore, the evaluation of strength properties
including compression parallel or perpendicular
to the grain becomes important for structural
design purposes (Green 2001).

Koch (1972) reported that southern yellow pine
loaded in compression parallel-to-the-grain devel-
oped a visibly well-defined pattern of buckling
failures. On the tangential faces of failed rectan-
gular wood columns, the lines of failure make a
grain angle of 45° to 60° to the column, longitudi-
nal axial direction, whereas on the radial faces,
the lines are about perpendicular to the axial
direction. Gupta and Sinha (2012) evaluated the
compressive properties of Douglas-fir (Pseudot-
suga menziesii (Mirb.) Franco) columns with
grain angles of 0°, 10°, 20°, 30°, 40°, 50°, 60°,
70°, 80°, and 90° (similar to our Fig 1) and found
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Figure 1.
30, 45, 60, 75, and 90 degrees, respectively.

that the failure mode changed from shearing paral-
lel to the grain to rolling shear with increasing grain
angle orientation. Reiterer and Stanzl-Tschegg
(2001) reported that compression failure occurring
in columns subjected perpendicular to the grain
loading could be attributed to the collapse at the
earlywood and latewood sections in the annual
rings (the interface section of the wood). Several
studies, as reported by Gibson and Ashby (1997)
have addressed the complete mechanism responsi-
ble for these kinds of failures in softwoods.

Acoustic emission (AE) is defined as the phenom-
ena where transient elastic waves and stresses are
generated by the rapid release of energy from a
localized source or sources within a material
(ASTM 2024). All materials, including wood,
contain minute flaws that will initiate microfrac-
tures when subjected to stress. These microfrac-
tures will enlarge in intermittent step-like bursts
as the applied stress increases. During each of
these bursts, high-frequency elastic sound waves
are produced (Knuffel 1988). These elastic waves
released by materials because of fiber breakage,
under stress, can be detected and recorded by res-
onant transducers, such as AE sensors (Sharma
2017; Rescalvo et al 2020). The AE sensing
method can allow the detection of destructive
changes in materials, like wood, at the moment of
being stressed in compression, thereby provide
the possibility to follow destructive processes that

Prepared examples southern yellow pine (Pinus spp. L.) wood columns at various cross-grain angles of 0, 10, 20,

take place in wood construction beginning with
microcracks and ending up in total failure
(Reiterer et al 2000; Nasir et al 2022).

The most commonly used parameter for AE sig-
nals description is an AE “count.” An AE event is
“counted” when an AE signal exceeds a preset
threshold during any selected portion of the test
above any background noises. Derived measure-
ments include the AE cumulative (total) count
(Porter et al 1972; Ansell 1982; Sato et al 1984a;
Noguchi et al 1992; Raczkowski et al 1999;
Ayarkwa et al 2001; Gozdecki and Smardzewski
2005; Ando et al 2006; Chen et al 2006; Ritschel
et al 2013) and AE count rate (the number of
counts during a given time interval) (Sato et al
1984a; Gozdecki and Smardzewski 2005; Smard-
zewski and Gozdecki 2007; Du et al 2014).
A commonly used frequency domain measure-
ment is the AE amplitude. Hu and Zhang (2022)
investigated the peak amplitude of the AE signal.
In terms of time-domain vs frequency-domain
measurements, AE count rate and cumulative
counts are time-domain, whereas the amplitude
and peak amplitude are frequency-domain mea-
surements. The time domain refers to analyzing
the AE signal as it changes over time, whereas
the frequency domain refers to breaking down the
AE signal into its constituent frequencies and
then analyzing.
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Berg and Gradin (2000) investigated the tempera-
ture effects on the fracture history of Norway
spruce (Picea abies (L.) Karst.) under compres-
sion in both transverse and longitudinal directions
through recording the cumulative AE events.
They reported that an ideal temperature level for
introducing many failure sites during compression
should be well below 120°C and that the longitu-
dinal direction was the most efficient loading
direction for introducing flaws in wood during
compression (Berg and Gradin 2000). The AE
techniques have been effectively used to monitor
termite infestation in wood. For instance, AE was
used to monitor the activity rhythm and termite
feeding of some economically important termites
in the United States because microfracturing
occurred when wood was attacked by termites
that produced AE signals (Mankin et al 2002;
Indrayani et al. 2003). The AE techniques have
also been used to detect the early stages of wood
decay through subjecting wood blocks to com-
pression perpendicular to the grain in the radial
(Beall and Wilcox 1987; Raczkowski et al 1999)
and tangential directions (Noguchi et al 1992).

However, limited studies have been reported
using and assessing AE techniques to monitor the
failure progress in wood under a compressive
loading (Gong and Smith 2000; Dahlen et al
2018; Franca et al 2018). Specifically, the AE
behavior of SYP wood columns when subjected
to external loading with different grain angle
orientations has not been fully investigated. The
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main research investigated the influence of wood
grain angles (0°, 10°, 20°, 30°, 45°, 60°, 75°, and
90°) on AE characteristics of SYP columns sub-
jected to compressive loading.

MATERIALS AND METHODS
Materials

One (1) parent SYP (Pinus spp. L.) dimensional
lumber board with dimensions of 3.810 cm
thick X 28.575 cm wide X 3.048 m long was
purchased from East Mississippi Lumber Com-
pany (Starkville, MS) and planed to a thickness of
2.54 cm.

Experimental Design

A complete one-way factorial experiment with
three replicates per experimental combination
was conducted to evaluate the effects of grain
angle (0°, 10°, 20°, 30°, 45°, 60°, 75°, and 90°),
as shown in Fig 1, in reference to the compressive
loading direction (that was parallel to the column
longitudinal axis). Figure 2 shows a diagram
methodology of how each wood column, at vari-
ous grain angles, was cut from a dimensional
lumber board.

AE Apparatus

The AE apparatus consisted of an AE measuring
system called Digital Signal Process (uDiSP™),
a laptop computer with Physical Acoustics

Grain direction

0, ; 0°__—1 20— 30°
L. . | — G A -
—— . s
m * B i T s
60° 750/ 90°

Figure 2. Diagram methodology for cutting wood columns at grain angles of 0°, 10°, 20°, 30°, 45°, 60°, 75°, and 90° from a

southern yellow pine (Pinus spp. L.) dimensional lumber board.
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Corporation (PAC) Acoustic Emission for Win-
dows (AEwin) software installed, and a PAC AE
sensor. The AEwin software program collected
the AE signal data from the DiSP, recorded it in
terms of AE counts and amplitudes vs time,
and represented it in a graphical form. The AE
sensor operated at a frequency ranging from 50 to
200 kHz. For wood-based materials, the sensor
frequency range from 100 to 200 kHz provided
sufficient sensitivity to AE emissions of interest
(Beall 1985). The AE measuring system had a
threshold set to 30 dB, a preamp set to 40 dB, and
a filter with the range of 10 to 100 kHz. Gorilla®
hot glue sticks (Gorilla Glue Company LLC.,
Cincinnati, OH) were used in an AdTech® Mini
Hi-Temp hot glue gun (Adhesive Technologies,
Inc. Hampton, NH) as a couplant between the AE
sensor and wood, as the technique to fasten the
sensor to the wood sample before testing. The
diameter of the AE sensor was 2.71 cm.

Figure 3.
behavior (#2 in image) of southern yellow pine (Pinus spp.
L.) wood columns (#1 in image) when subjected to a com-
pressive load (#3 in image).

Setup for evaluating acoustic emission (AE)
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Testing

Twenty-four (24) small clear SYP columns mea-
sured 25.40 X 25.40 X 101.60 mm’ (Fig 1)
were cut from the parent board according to
American Society for Testing and Materials
(ASTM) Standard D143 — 23 (ASTM 2023).
Before compression testing, the short columns
were conditioned to constant mass in an envi-
ronmental conditioning chamber for a minimum
of three weeks at 22°C and 55.0% RH, and the
dimensions were recorded. Figure 3 shows the
setup for evaluating AE behavior of SYP wood
columns subjected to compressive stress. One AE
sensor was hot glued onto the wood column sur-
face at the middle of the column. All columns
were mechanically tested on an Instron® Tinius-
Olsen Universal Testing Machine at a crosshead
speed of 0.30 mm per minute according to the
ASTM D143 - 23 standard (ASTM 2023).
Load—deformation curves with synchronous AE
activities were recorded. Before loading each col-
umn at test, physical volume dimensions (width,
depth, and length) of each sample were measured
using a Mitutoyo Absolute Digital Caliper (Model
No. CD-6” CSX, Serial No. 13152425; Kawasaki,
Japan, Asia) and recorded. Failure modes for each
tested column were evaluated, determined, and
recorded. The physical properties such as MC and
specific gravity (SG) of the samples were deter-
mined by oven-dry mass at 103°C in a Blue M
Electric Company Dry Oven (Model B-3005-Q,
Blue Island, IL). The coefficient of variation
(COV) was determined for all samples.

Statistical Analysis

Data were analyzed using Microsoft Excel 365
software (Microsoft Corporation). SigmaPlot ver-
sion 14.5 (Inpixon, Palo Alto, CA) software was
used for graph plots, scientific graphing, and data
analysis.

RESULTS AND DISCUSSION
Physical Properties

The MC values of tested wood columns ranged
from 7.70 to 12.80% (oven-dry basis), with an
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Table 1. Summary of failure modes recorded for three
southern yellow pine (SYP) columns for each of eight dif-
ferent grain angles evaluated under compression.

Grain angle (°)*

Replicate 0 10 20 30 45 60 75 90

1 B B S S CO+B CO+B CO+B CO
B B S S CO+B CO+B CO+B CO

3 B B S S CO+B CO+B CO+B CO

“Where B, buckling failure; S, shearing failure; CO,
compression failure; and CO+B, compression and buckling
failure combination.

average of 10.37% and a COV of 11.43%. The
SG values ranged from 0.39 to 0.59, with an aver-
age of 0.49 and corresponding COV of 9.61%.

Mechanical Properties

Failure modes. Table 1 summarizes the failure
modes recorded for each SYP column evaluated
in this study. The columns with 0° and 10° grain
angles developed a visibly well-defined pattern of
buckling failures. Figure 4 shows the typical fail-
ure modes observed in mechanically tested SYP
columns. The lines of failure made an angle to the
column in a longitudinal direction on the tangen-
tial faces of failed columns (Fig 4[a]). The lines
were perpendicular to the longitudinal direction
on the radial faces and were similar to those
described in Koch (1972). This buckling failure
was caused mainly by shear failure that occurred
at the overlap of the tapered ends of the tracheids,

WOOD AND FIBER SCIENCE, DECEMBER 2024, V. 56(4)

which comprise most of the volume in SYP. This
was mainly because under a compressive load
parallel to wood cells, the longitudinal direction
overlaps the tapered ends of the tracheids as they
must induce shear forces between adjacent cells
(Koch 1972). Columns with 20° and 30° grain
angles all experienced shear parallel to the grain
(Fig 4[b]). The grain angles of 20° were observed
in shear failure, whereas the 30° was related to
the impact of wood density on its mechanical
properties, as a change in strength is normally
observed within annual rings and at the ring bor-
der as described by Jakob et al (1994). The shear
failures observed in this study occurred mainly in
the earlywood sections of the tested columns
because of the collapsing separation of the early-
wood regions at the annual growth rings (Reiterer
and Stanzl-Tschegg 2001) or wood fiber misa-
lignment (Poulsen et al 1997). Columns with 45°
to 75° grain angles failed with earlywood and
latewood compression as shown by the “S-wavy”
shaped buckling (Fig 4[c]), whereas the 90° sam-
ples failed in compression at the earlywood/
latewood interface (Fig 4[d]). These compression
failures could be attributed to wood tracheid walls
bent inward and distorted sideways (Koch 1972)
and collapse at the earlywood/latewood interface
(Reiterer and Stanzl-Tschegg 2001). In general,
the failure modes observed were similar to those
observed in other softwood studies (Ayres 1920;
Martel 1920; Hankinson 1921; Osgood 1928;

(a) (b)

(d)

Figure 4. Typical failure modes observed in mechanically tested southern yellow pine (Pinus spp. L.) wood columns: (a)
buckling (radial face, 0° column); (b) shearing (20° column); (c) compression and “S-wavy shaped” buckling (45° column);

and (d) horizontal compression (90° columns).
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Figure 5. Typical stress—strain curves showing each of the
eight-grain angles evaluated on southern yellow pine (SYP)
wood columns subjected to compressive loading.

Kojis and Postweilder 1953; Kim 1986; Reiterer
and Stanzl-Tschegg 2001).

Stress—strain curves. Typical stress—strain
curves of the tested SYP columns are illustrated
in Fig 5. These curves indicated that the columns
with grain angles between 0° and 20° behaved
like brittle materials that had an initial linear
stage, a smooth nonlinear curve representing the
transition between the proportional limit and ulti-
mate stresses, and then a sharp decrease in stress
after reaching the ultimate load (Reiterer and
Stanzl-Tschegg 2001; Gilintekin and Aydin 2013).
Columns with grain angles ranging from 45° to
90° behaved like a ductile or plastic-like material
that had poorly deformed ultimate stresses. Col-
umns with a grain angle of 30° behaved like duc-
tile materials with more plastic deformation
before failure. The resistance to an external com-
pressive load with grain angles ranging from 0° to
20° decreased sharply after reaching its ultimate
value. This could be because of cracking that
developed under the compressive stress (Berg and
Gradin 2000). These cracks could be related to
shear failures of tracheids because of the different
separations along the middle lamella, particularly
in axial parenchyma cells of certain wood species,
but these cells are generally absent in pine. Alter-
natively, tracheids could separate within the cell
wall between the S; and S, layers (Koch 1972).
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In the cases of wood columns with grain angles
from 45° to 90°, stresses continued increasing
with strain beyond their proportional limit; how-
ever, at a lower rate of change. Compaction of the
wood occurred with increasing deformation after
the flattening and failure of the cell walls. This
was followed by a continuous rise in the resis-
tance of the compressed columns. Stress at the
proportional limit was used to determine allow-
able stresses in compression perpendicular to the
grain because ultimate stresses for this property
were not clearly defined (FPL 2021). This recom-
mendation would also be extended for columns
with grain angles greater than 30°. Figure 6 plots
experimental means of ultimate compressive
strength (Fig 6[a]) and stiffness (Fig 6[b]) of the
SYP columns together with their corresponding
estimated values using Hankinson’s formula (FPL
2021) (see Eq 1)

PQ

N = 1
Psin” 0 + Qcos"0 M

where N can be the modulus of elasticity as well
as strength properties at angle 6 from the fiber
direction, Q is the strength perpendicular to the
grain, P is the strength parallel to the grain, and n
is an empirically determined constant. The calcu-
lated ratios (Q/P) based on the experimental
mechanical properties were 0.08 (3.28/41.94) and
0.09 (0.37/3.90) for strength and stiffness, respec-
tively. This was close to 0.10, therefore, the
empirically determined constant, n = 2.50 was
considered in Hankinson’s formulas for calculat-
ing both properties (FPL 2021). Figure 6 indi-
cated that reasonably accurate estimates were
obtained using Hankinson’s formula for both
compression strength and stiffness of SYP wood
columns evaluated in this study. The substantial
drop in compressive strength starting at the 20°
grain angle was attributed to wood fiber misalign-
ment and shearing (Poulsen et al 1997). Reiterer
and Stanzl-Tschegg (2001) and Giuntekin and
Aydin (2013) also indicated that irreversible shear
deformation occurred at annual ring borders of
softwood species subjected to compressive loads
parallel to the grain, causing a steep decrease
in strength.
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Figure 6. Experimental mean ultimate compressive strength (a) and stiffness (b) values of mechanically tested southern
yellow pine (SYP) wood columns at eight different grain angles plotted with their corresponding approximated values using

Hankinson’s formula.

Cumulative AE Counts—Time Curves

Figure 7 shows a typical cumulative AE counts-
time curve plotted with the corresponding
stress—strain curve, indicating the damage pro-
gression observed in the SYP columns. Three dis-
tinct stages were identified in terms of changes in
slope (ie, AE cumulative counts) of the cumula-
tive AE counts—time curve: initiation, growth, and
acceleration (Raczkowski et al 1994; Du et al
2014). The initiation stage (0 — ~50-100 s) was
the first linear portion where the AE count rate
was slower (Beall and Wilcox 1987) and constant

Strain (%)
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° 6000 30 g
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4000 ‘ 20 &
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Figure 7. A typical cumulative counts-time curve recorded

together with its corresponding stress—strain curve represent-

ing acoustic emission (AE) behavior of southern yellow pine

(SYP) wood columns subjected to compressive loading.

(Figure 7). Fewer counts were recorded in the ini-
tiation stages because microcracks within wood
cell walls can occur at stress levels well below the
proportional limit (Bodig and Jayne 1982). These
microcracks can be detected using AE sensing
devices (DeBaise et al 1966) even though these
cracks generally do not continue to grow if the
load is cyclical, in accordance with the Kaiser
Effect (Beall and Wilcox 1987). The growth stage
in the second curve portion (~100-300 s) showed
a much higher AE count rate relative to the initia-
tion stage (Raczkowski et al 1994) because more
cracks developed and propagated as the applied
load increased (Bodig and Jayne 1982). Therefore,
the growth stage can be considered as a transi-
tional progressive region between the initiation
and acceleration stages where the AE count rate
changed from relatively low (0.33 counts/s) to
higher (608.40 counts/s). The acceleration stage
was the third portion (>300 s) where the AE
count rate transitioned to an exponential high and
constantly increased (Raczkowski et al 1994)
because of the collective increase in crack growth.
This accelerated crack growth can decrease resis-
tance to stresses and generated more AE activity
than the growth stage.

A linear regression method was used to approxi-
mate the slope of each of the three stages for each
individual AE cumulative counts-time curve for
all tested columns. Calculated slope values of all
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Table 2. Summary of acoustic emission (AE) count rate
values (counts/s) for each of three stages of AE cumulative
counts—time curves recorded for mechanically testing
southern yellow pine (SYP) columns under compression.

Coefficient of

Mean variation (COV) Range
Stages (counts/s) (%) (counts/s)
Initiation 0.33 100.0 0.01-1.17
Growth 19.10 149.0 1.07-106.00
Acceleration 608.40 127.0 7.00-2240.00

tested columns at each stage were pooled
together. Table 2 summarizes the mean values of
the calculated AE count rates together with their
corresponding COV values and ranges for each of
the three stages. The mean AE count rates were
0.33, 19.10, and 608.40 counts/s for the initiation,
growth, and acceleration stages, respectively,
indicating that the AE count rate in the initiation
stage was much lower than in the growth stage,
whereas the count rate in the acceleration stage
was much higher than in the growth stage. In
addition, larger COV values of count rates rang-
ing from 100.0 to 149.0% were observed in the
three stages.

Figure 8 shows mean AE count rates vs grain
angle within each stage in AE cumulative
counts—time curves of all tested SYP columns.
The AE count rate generally increased as the grain
angle increased from 0° to 30°, then decreased as
the grain angle further increased. The minor
changes in the AE count rate within each stage
become less important because the differences in
magnitude between stages were so large.

Figure 9 plots typical AE counts—time curves of
the SYP columns evaluated in this study and
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shows that some patterns could be identified.
There was one peak for columns with grain
angles ranging from 0° to 20° (Fig 9[a]-[c]) dur-
ing the failure process after the stress passed its
ultimate value as these columns lost the ability to
resist compression loading. This might suggest
that the one-peak pattern could be generated by
sheared wood cell (like tracheids) walls in com-
pressed SYP columns (Table 1). As the grain
angle increased to 30°, the one-peak pattern was
still observed in one of the three tested columns
(Fig 9[d]), but the other two columns exhibited a
different pattern in which two peaks appeared
near the point where the stress just exceeded the
proportional limit, in addition to the one peak
occurring at their failing region (Fig 9[e]). As
grain angles further increased above 45°, this pat-
tern of more peaks appearing after the propor-
tional limit (in the yield region) became more
common (Fig 9[f] and [g]). The pattern then
became one-peak in the yield region right as the
stress passed the proportional limit (Fig 9[h]
and [i]). The AE count peak patterns observed in
SYP columns with grain angles ranging from 45°
to 75° suggested that the one-peak pattern could
be generated by tracheid wall bending and early-
wood and latewood cell wall collapse or flatten-
ing. This might suggest that one-peak in
counts—time curves could signal the beginning of
the cell wall flattening process.

In summary, these different AE patterns that fea-
tured count peaks observed in tested SYP col-
umns with different grain angles suggested the
existence of some ‘“‘signatures” in terms of AE
signals, and these “‘signatures” could be related to
the different wood fibers or cell failure modes and

0 50 60 T0 80 0 20 10 60 30
Grain Angle (degrees)

Mean acoustic emission (AE) count rate vs grain angle curves plotted for three stages: (a) initiation, (b) growth, and

(c) acceleration as identified in the cumulative AE counts—time curves for the southern yellow pine (SYP) wood columns.
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Figure 9. Typical counts—time curves plotted together with their corresponding stress—strain curves for tested southern yellow
pine (SYP) wood columns with grain angles: 0° (a), 10° (b), 20° (c), 30° (d), 30° (e), 45° (f), 60° (g), 60° (h), and 75° (i), repre-
senting acoustic emission (AE) behavior of these columns in terms of different peak patterns.

processes when subjected to compressive stresses.
These “signatures” could be used for nondestruc-
tive evaluation (NDE) of wood structures. Table
3 summarizes and Fig 10 plots the mean values of
maximum AE counts (Fig 10[a]) and total cumu-
lative AE count emissions (Fig 10[b]) of tested
SYP columns, and these values vs grain angle.
Maximum AE counts had large COV’s ranging
from 17.0 to 162.0%, whereas the total cumula-
tive AE counts COV values ranged from 31.0 to

170.0%. The general trend was that as the grain
angle increased from 0° to 30°, maximum AE
counts and total cumulative AE counts all
increased, then decreased as the grain angle fur-
ther increased from 30° to 90°. Less than 36
counts were recorded for the SYP columns with a
90° grain angle. Fewer AE events recorded in
this study could be because of micro cracking
produced by cell wall deformation and flattening
that generated fewer AEs or lower dB signals.
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Table 3. Mean values of maximum acoustic emission (AE)
counts and total cumulative counts of mechanically tested
southern yellow pine (SYP) columns with different grain
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This suggests that an adjustment reducing the
threshold setting or increasing the preamp value
might be needed for future studies.

angles.”

Angle (°) Maximum counts Total cumulative counts AE Ampli tu de

0 37 (17) 266 (59)

10 329 (111) 3303 (61) Figure 11 shows typical AE amplitude—time
20 3112 (104) 6092 (31) curves plotted together with the corresponding
30 4299 (141) 12,646 (123) stress—strain curves for the SYP columns tested in
45 360 (162) 6929 (170) this study. In general, the AE signals with higher
60 208 (79) 693 (59) AE litud b d in th ield and
75 779 (117) 6897 (145) E amplitudes were observed in the yield an
90 30 (119) 36 (125) failing stages (Fig 11[a]-[d]) and yield stages

“Values represent means of three replicates per treatment.
The numbers within parentheses indicate the coefficient of

(Fig 11[e]-[g]). These values ranged from 60 to
100 dB. The mean values of maximum AE peak

variation (COV). amplitude are summarized in Table 4 and plotted
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Figure 10. Mean values of maximum acoustic emission (AE) counts (a) and total cumulative acoustic emission counts (b) as

a function of grain angle of mechanically tested southern yellow pine (SYP) wood columns in this study.
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Figure 11. Typical acoustic emission (AE) amplitude vs time curves plotted together with their corresponding stress—strain

curves for southern yellow pine (SYP) columns mechanically tested at grain angles of: (a) 0°, (b) 10°, (c) 20°, (d) 30°, (e) 45°,
(f) 60°, and (g) 75°.
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Table 4. Mean values of maximum acoustic emission (AE) amplitude (dB) on southern yellow pine (SYP) columns that

were mechanically tested at the indicated grain angles.”

Grain angle (°)

0 10 20

30

45 60 75

69.3 (12) 89.7 (15) 99.7 (1)

96.7 (5)

76.7 (28) 84.7 (25) 94.0 (8)

“Values represent means of three replicates per treatment. The numbers within parentheses indicate the coefficient of

variation (COV).
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Figure 12. Mean values of maximum acoustic emission (AE) peak amplitude with standard error (SE) bars of the mean vs
grain angle plot for southern yellow pine (SYP) wood columns assessed in this study.

in Fig 12. These results indicated that the maxi-
mum amplitude increased as the grain angle
increased from 0° to 20° grain angles, then
decreased as the grain angle decreased to 45°, fol-
lowed by an increasing trend as the grain angle
increased further to 75°. This pattern could be
related to different micro-cracking failures occur-
ring in SYP columns as the grain angle changed
from O to 75°. In particular, the transition point of
the failure mode of cells can be identified at 45°,
where there was a change from shearing to bend-
ing and flattening.

CONCLUSIONS
1. Three distinct stages were identified in the
cumulative AE counts—time curve in terms
of AE count rate which included initiation,

growth, and acceleration. The lowest count
rate was observed at the initiation stage
(0.33 counts/s) whereas the highest rate
was observed at the acceleration stage
(608.40 counts/s).

. The AE count rate increased as the grain

angle increased from 0° to 30° and then
decreased as the grain angle further increased
beyond 30°. We observed the same trend for
maximum AE counts and total cumulative
AE counts.

. The maximum AE amplitude increased as

the grain angle increased from 0° to 20°,
then began a decreasing trend as the grain
angle decreased to 45°, followed by an
increasing trend as the grain angle increased
to 75°. The AE signals with a higher
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amplitude were observed in the yield and
failing stages.

4. Some “signatures” in terms of AE signals do
exist and could be related to different
responses in wood fibers or cell failure
modes such as shearing, bending, and com-
pression and their corresponding develop-
ment processes.

5. The combination of these “signatures” could
be used to develop an NDE device algorithm
to detect the progression of mechanical dam-
age in structures constructed using SYP
columns.
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Abstract. This research presents a comparative analysis of the sustainability performance of four promi-
nent companies within the paper and paper-based packaging industry. Utilizing established sustainability
indicators encompassing environmental, social, and economic dimensions, the study evaluated company
performance based on publicly available data from their sustainability reports and disclosures. The findings
revealed a diverse landscape of sustainability commitments and achievements, highlighting both shared
industry-wide trends and company-specific approaches to sustainability management. All four companies
demonstrated a strong commitment to waste management and circular economy principles, while also
exhibiting varying degrees of progress in areas, such as renewable energy adoption, carbon emissions
reductions, employee well-being, and social responsibility initiatives. The analysis further identified oppor-
tunities for improvement and highlighted the need for greater transparency, data disclosure, and industry
collaboration to enhance overall sustainability performance and contribute to a more sustainable future for
the paper and paper-based packaging sector. By examining the similarities and differences in the sustain-
ability journeys of these four companies, this study provides valuable insights for industry stakeholders,
policymakers, and researchers interested in promoting sustainable development within the paper and pack-
aging industry and beyond.

Keywords: Economic sustainability, environmental performance, social responsibility, sustainability
reporting, paper and paper-based packaging industry

INTRODUCTION

The amount of paper and paperboard a country
uses is a reliable indicator of its development.
Having access to paper is essential to our daily
life, supporting communication, commerce, and
countless aspects of modern society. As global
demand for paper products continues to rise, the
paper and packaging industry faces the critical
challenge of ensuring a sustainable supply of raw
materials (Pydimalla et al 2023). This challenge
is
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further compounded by concerns regarding defor-
estation, high resource consumption, and waste
generation associated with traditional paper pro-
duction methods.

In response to these challenges, the industry is
actively investigating alternative fiber sources and
more sustainable production practices. This
research paper focuses on a comparative analysis
of the sustainability performance of four promi-
nent companies within the paper and paper-based

packaging industry. The companies considered

were Duran Dogan, Kartonsan, Mondi Group,
and Viking Kagit.
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Duran Dogan: A leading Turkish packaging man-
ufacturer specializing in cardboard and paper-
board packaging solutions for a diverse range of
industries, including food, cosmetics, and phar-
maceuticals. The company places great emphasis
on innovation and sustainability, as evidenced by
its development of the “Gloss&Green” technol-
ogy and its commitment to responsible sourcing
and waste reduction.

Kartonsan: A prominent Turkish producer of
coated cardboard, recognized for its high utilization
of waste paper in production and its commitment
to circular economy principles. The company oper-
ates a self-sufficient energy generation system
and actively invests in environmental protection
measures.

Mondi Group: A global leader in sustainable
packaging and paper solutions, operating across
the entire value chain, from responsible sourcing
of raw materials to production and distribution of
a wide range of packaging products. The com-
pany is known for its comprehensive sustainabil-
ity strategy, including ambitious climate action
goals and a strong focus on employee well-being
and social responsibility.

Viking Kagit: A leading Turkish tissue paper
manufacturer, recognized for its pioneering
Recyﬁber® technology, which utilizes recycled
beverage cartons to produce eco-friendly tissue
paper products. The company demonstrates a
strong commitment to sustainability, focusing on
resource recovery, waste reduction, and responsi-
ble sourcing practices.

The sustainability strategies, initiatives, and perfor-
mance data of the four companies across environ-
mental, social, and economic dimensions were
used, to provide insights into the diverse pathways
toward sustainability within the sector and contrib-
ute to the ongoing discussion on responsible busi-
ness practices in the paper and packaging industry.

The Size and Importance of the Global
Paper Industry

Recent events, such as the Ukraine war and the
COVID-19 pandemic, have demonstrated the

significant impact that global disruptions can have
on industries, including the paper and packaging
sector. This can lead to challenges in the supply
chain and shifts in consumer behavior (Vivas et al
2024). The global paper and paper-based packag-
ing industry is a significant force, underpinning
communication, commerce, and numerous
aspects of modern life. In 2020 alone, the industry
produced over 401 million tons of paper and
paperboard, solidifying its position as the 15th
largest industry globally (Deshwal et al 2019;
Worku et al 2023). The industry’s reach extends
across four major submarkets: board and packag-
ing paper, writing and printing paper, newsprint,
and specialty papers (Deshwal et al 2019). Each
of these submarkets caters to diverse needs and
applications. Paper and paper-based packaging
are ubiquitous, interwoven into the very fabric of
our daily routines. They are used in the books we
read and the documents we write, in the boxes
that protect our goods, and in the tissues, used for
hygiene.

The significance of the industry extends beyond
its size. Paper remains a vital medium for infor-
mation dissemination and cultural preservation,
even in our increasingly digital world (Aithal and
Shenoy 2016). Furthermore, paper-based packag-
ing plays a critical role in the global supply chain,
ensuring the safe and efficient transport of goods,
while also offering sustainable and recyclable
solutions compared with other packaging materi-
als (Zhang and Sablani 2021; Le Quyen 2023).

However, the industry faces significant sustain-
ability challenges. Deforestation, high resource
consumption, and waste generation have led to
concerns about the environmental footprint of the
industry (Skene and Vinyard 2019; Vinyard
2021). Furthermore, the shift toward digital com-
munication has the potential to threaten the avail-
ability of recovered paper, a key raw material for
sustainable paper production (Ucelay 2020; Zam-
brano et al 2021). These challenges necessitate a
transition toward more sustainable practices,
including the use of alternative fiber sources such
as agricultural waste and by-products (Baetge and
Martin 2018; Otieno et al 2021), along with the
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development of innovative recycling and waste
management solutions (Méndez et al 2009).

In response to these challenges, the industry is
investigating a range of potential avenues for
enhancing its sustainability performance. The uti-
lization of agro-based paper production, which
employs agricultural residues in place of wood
fibers, presents a promising avenue for addressing
environmental concerns and facilitating acceler-
ated growth (Jiang et al 2019; Neis et al 2019).
Moreover, ongoing research into bio-derived
materials, such as lignin and cellulose derived
from agricultural waste, offers promising avenues
for creating sustainable and functional packaging
materials (Li et al 2012; Tajeddin 2014; Fadeyibi
et al 2017; Shaghaleh et al 2018; Fitch-Vargas
et al 2019; Travalini et al 2019; Karlovits 2020;
Liyanage et al 2021; Nanda et al 2022).

By embracing innovation and adopting a more
circular approach, the global paper and paper-
based packaging industry can continue to fulfill
its vital societal role while minimizing its envi-
ronmental footprint and ensuring a sustainable
future.

The Paper Industry: A Comprehensive Look
at Its Environmental and Social Impacts

The paper and paper-based packaging industry,
while essential to modern society, faces a com-
plex interplay of environmental and social
impacts. On the environmental front, concerns
regarding resource consumption, and waste gener-
ation pose significant challenges (Skene and
Vinyard 2019; Vinyard 2021). Additionally, the
production process is resource-intensive, requir-
ing substantial amounts of water and energy
(Skene and Vinyard 2019; Vinyard and Skene
2020). Furthermore, the disposal of paper-based
products, particularly single-use items, contributes
to a number of problems that necessitate robust
waste management solutions (Méndez et al
2009).

Nevertheless, the industry has certain environ-
mental benefits compared with alternative materi-
als. Paper is inherently recyclable, allowing for
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the recovery and reuse of fibers to create new pro-
ducts. Furthermore, the transition toward agro-
based paper production can utilize agricultural
residues as an alternative to wood fibers. Indeed,
studies have demonstrated that the manufacture
of agro-based paper utilizes up to 90% less water
and 60% less energy than traditional wood-based
paper production, thereby underscoring its poten-
tial for resource conservation (Pydimalla et al
2023). Moreover, ongoing research into bio-
derived materials derived from agricultural waste
presents promising avenues for the development
of environmentally friendly packaging solutions.

The social impacts of the industry are complex
and multifaceted. On the one hand, the industry
provides employment opportunities and contri-
butes to economic development, particularly in
rural communities where agro-based paper pro-
duction thrives (Otieno et al 2021). Moreover, the
industry plays a pivotal role in supporting educa-
tion, communication, and cultural preservation
through the production of paper-based materials
(Aithal and Shenoy 2016). Nevertheless, concerns
regarding fair labor practices, human rights, and
the impact of globalized production on local com-
munities necessitate careful consideration (Mattila
et al 2018). Furthermore, the industry’s environ-
mental practices can influence consumer percep-
tions and purchasing decisions, emphasizing the
importance of transparency and responsible
sourcing (Parguel et al 2011; Lewandowska et al
2017).

To ensure a sustainable future, the paper and
paper-based packaging industry must navigate the
complex environmental and social impacts it cur-
rently faces. To do so, it is crucial that the indus-
try embraces sustainable practices, such as
responsible forestry management, increased use
of recycled content, and the development of inno-
vative bio-based materials. Simultaneously, it is
essential that the industry prioritizes fair labor
practices, engages with local communities, and
fosters transparency, to mitigate negative social
impacts and build a more equitable and sustain-
able industry. By addressing both its environmen-
tal and social responsibilities, the paper and
paper-based packaging industry can continue to
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meet the needs of society while contributing to a
more sustainable and just future.

The Purpose and Significance of
Sustainability Reporting for Companies

The practice of sustainability reporting has
emerged as a crucial aspect of business operations
for companies across various industries, including
the paper and pulp sectors. Reporting provides a
framework for transparently communicating their
environmental, social, and economic performance
to stakeholders. The primary objective of sustain-
ability reporting is to disclose a company’s
impacts on the environment and society. This
enables stakeholders to assess the company’s sus-
tainability performance and hold it accountable
for its actions. Such transparency fosters trust and
credibility with stakeholders, including investors,
customers, employees, and communities, who
increasingly demand information about environ-
mental and social responsibility.

Sustainability reports represent a valuable instru-
ment for companies to monitor their advancement
toward sustainability objectives, identify areas for
enhancement, and benchmark their performance
against industry counterparts. By meticulously col-
lating and analyzing data on their environmental
and social impacts, companies can gain invaluable
insights into their operations and make well-
informed decisions to enhance their sustainability
performance. This data-driven approach enables
companies to assess the efficacy of their sustain-
ability initiatives, identify potential risks and oppor-
tunities, and develop strategies for continuous
improvement.

Public disclosure of sustainability goals and per-
formance incentivizes companies to develop and
implement innovative solutions that address envi-
ronmental and social challenges. This can result
in the adoption of cleaner technologies, more
efficient resource management, and the develop-
ment of new products and services with reduced
environmental footprints. Furthermore, sustain-
ability reporting can facilitate collaboration
among companies, industry associations, and
other stakeholders to collectively address

sustainability issues and promote industry-wide
best practices.

The Role of Transparency and
Accountability in Driving
Sustainable Practices

Transparency and accountability are fundamental
pillars for driving sustainable practices within
companies and across industries. Transparency,
characterized by open and honest communication
about environmental, social, and economic per-
formance, enables stakeholders to make informed
decisions and hold companies accountable for
their actions. Companies that openly disclose their
sustainability goals, strategies, and performance
data, create a culture of accountability that builds
trust and credibility with stakeholders. This, in
turn, incentivizes companies to prioritize sustain-
ability and continuously improve their practices
to meet stakeholder expectations.

Transparency plays a crucial role in promoting
responsible environmental management. Compa-
nies that disclose their environmental impacts, such
as greenhouse gas emissions, water usage, and
waste generation provide stakeholders with the nec-
essary information to assess their environmental
performance. This transparency encourages compa-
nies to adopt cleaner technologies, reduce their
environmental footprint, and invest in sustainable
solutions to mitigate their impacts.

It is similarly important for companies to be held
to account to encourage them to embrace social
responsibility. Companies disclosing their social
impacts, including labor practices, human rights,
and community engagement demonstrate their
commitment to ethical conduct and social well-
being. Such accountability encourages companies
to uphold high social standards, promote fair
labor practices, and contribute positively to the
communities in which they operate. Moreover,
accountability mechanisms, such as external
audits and stakeholder engagement processes,
provide further assurance that companies are
meeting their social responsibilities.
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Together, transparency and accountability consti-
tute a potent force for driving sustainable practices.
The adoption of these principles by companies
engenders a culture of continuous improvement,
innovation, and responsible business conduct,
thereby contributing to a more sustainable and
equitable future.

Purpose of the Research and Contributions
to Scientific Literature

This research involves a comprehensive, compara-
tive analysis of the sustainability performance of
four prominent companies within the Turkish paper
and paper-based packaging industry. Sustainability
strategies, initiatives, and performance data were
used to illuminate the diverse sustainability path-
ways and to demonstrate a deeper understanding of
the complexities and opportunities within the sector.

Firstly, the research offers a unique comparative
assessment of sustainability practices across
industry segments within the paper and paper-
based packaging sector. This comparative
approach transcends the limitations of single-case
studies by providing valuable insights into the
diverse challenges and opportunities faced by
companies operating in varying contexts, from
regulatory landscapes to resource availability and
cultural nuances. By showcasing best practices
and identifying areas for improvement across
different companies, the research facilitates cross-
learning and knowledge transfer within the indus-
try, paving the way for a more collaborative and
informed approach to sustainability.

The study also examines the ongoing discourse
surrounding the measurement and evaluation of
corporate sustainability performance. By utilizing
established sustainability indicators and meticu-
lously evaluating company performance across
environmental, social, and economic dimensions,
the research constructs a holistic framework for
assessing sustainability progress and identifying
areas necessitating further development. This
comprehensive framework transcends the limita-
tions of siloed approaches to sustainability by
considering the interconnectedness of environ-
mental, social, and economic factors, providing a
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more nuanced and integrated understanding of
corporate sustainability performance.

Thirdly, the research underscores the paramount
importance of transparency and data disclosure to
foster corporate accountability and propelling sus-
tainability performance. The study examines the
level of transparency exhibited by each company
to identify best practices in sustainability report-
ing and underscores the indispensable need for
standardized and comprehensive disclosure of
environmental, social, and economic data.
Increased transparency not only empowers stake-
holders with information for making informed
decisions but also provides an incentive for
companies to continuously improve their sustain-
ability performance and contribute to a more sus-
tainable and equitable future.

Finally, this research contributes to the growing
body of knowledge on sustainable development
within the paper and paper-based packaging
industry. Identifying key challenges and opportu-
nities across different geographic regions and
industry segments can help create a deeper under-
standing of sustainability trends within the paper
and packaging sector and inform future research
directions. While the findings offer potential
insights for industry stakeholders, policymakers,
and researchers, it is important to acknowledge
that the analysis is based on company-reported
data that may present inherent limitations and
potential biases. Further research, employing
diverse methodologies and data sources, is encour-
aged to corroborate these findings and strengthen
their implications for stakeholders across the
industry. This includes exploring innovative solu-
tions for mitigating environmental impacts, pro-
moting responsible sourcing practices, fostering
social equity and well-being within the workforce,
and ensuring economic viability and the creation
of shared value for all stakeholders.

METHODOLOGICAL PROCEDURES
Definition of the Case Report

A total of 13 companies are currently listed on the
Borsa Istanbul (BIST), operating in the paper and
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paper product printing sector in Turkey. This
study employed a comparative case study
approach focusing on four companies within the
Turkish paper and packaging industry: Duran
Dogan, Kartonsan, Mondi Group, and Viking
Kagit. These companies were selected based on a
purposeful sampling strategy designed to 1) repre-
sent a diverse cross-section of the industry, 2)
provide insights into both local and global sus-
tainability practices, and 3) facilitate a compara-
tive analysis of the influence of global trends on
local operations. The companies were used to
examine the following questions:

1. How do the sustainability approaches and
performance of domestic Turkish paper and
packaging companies compare to those of a
multinational company operating within the
same national context?

2. What are the key similarities and differences
in their sustainability strategies, initiatives,
and performance, and what factors might
contribute to these variations?

3. To what extent do global sustainability trends
and standards influence the practices of local
companies operating in Turkey?

The inclusion of Mondi Group, a multinational
company with a well-established global sustain-
ability strategy provided a valuable benchmark
for assessing the extent to which global sustain-
ability trends and standards have been adopted by
domestic Turkish companies. By analyzing the
similarities and differences in their approaches,
this study offers insights into the unique chal-
lenges and opportunities faced by companies
operating at different scales and the potential
influence of global sustainability frameworks on
local practices within the Turkish paper and pack-
aging industry.

Analysis of Mondi Group’s sustainability perfor-
mance in this study was specifically limited to
their Turkish operations. This approach ensured a
more direct and meaningful comparison with the
domestic companies, focusing on their perfor-
mance within the same national context and regu-
latory environment.

By employing this purposeful sampling strategy
and providing a clear and transparent rationale,
this study aimed to contribute to a deeper under-
standing of the multifaceted sustainability land-
scape within the paper and packaging industry
and offer insights for both local and global
stakeholders.

Identification of Indicators and
Sustainability Index Structure

This study employed a set of established sustain-
ability indicators encompassing environmental,
social, and economic dimensions. These indica-
tors were selected based on their relevance to the
paper and packaging industry and their alignment
with widely recognized sustainability frame-
works, such as the Global Reporting Initiative
(GRI) Standards and the Sustainability Account-
ing Standards Board (SASB) industry standards.
The indicators were organized into three distinct
categories, each representing a key dimension of
sustainability (Feil et al 2015; Feil et al 2017; Feil
et al 2022):

1. Environmental Indicators: This category
focused on the company’ environmental
impact and their efforts to minimize their
ecological footprint. The specific scoring
considerations for each indicator are detailed
below:

Hazardous Waste Generation (0-0.3: high genera-
tion with limited mitigation; 0.4-0.7: moderate
generation with some mitigation efforts; 0.8-1.0:
minimal generation with comprehensive mitiga-
tion and transparency): Assesses the volume of
hazardous waste generated, the implementation of
reduction and mitigation strategies, and the trans-
parency of reporting.

Waste Disposal Practices (0-0.3: high reliance on
landfill with limited recycling; 0.4-0.7: moderate
landfill use with some recycling efforts; 0.8-1.0:
minimal landfill use with comprehensive waste
diversion and circularity strategies): Evaluates the
company’s approach to waste disposal, including
landfill use, recycling rates, and implementation
of circular economy initiatives.



228

Treatment of Effluents (0-0.3: inadequate treat-
ment with noncompliance issues; 0.4-0.7: basic
treatment with some compliance challenges; 0.8-
1.0: advanced treatment with full compliance and
monitoring of key parameters): Assesses the qual-
ity of effluent treatment, adherence to discharge
regulations, and monitoring of key water quality
parameters.

Recycling of Waste (0-0.3: limited recycling with
low rates; 0.4-0.7: moderate recycling with some
innovative approaches; 0.8-1.0: extensive recy-
cling with industry-leading innovation and
closed-loop systems): Evaluates the extent of
recycling efforts, the use of innovative technolo-
gies, and the implementation of closed-loop sys-
tems for material recovery and reuse.

Atmospheric Emissions (0-0.3: high emissions
with limited mitigation; 0.4-0.7: moderate emis-
sions with some reduction efforts; 0.8-1.0: mini-
mal emissions with science-based targets and
comprehensive strategies): Assesses the volume
of greenhouse gas emissions, the implementation
of reduction strategies, and the setting of science-
based targets aligned with global climate goals.

Recycling and Reuse of Products (0-0.3: limited
product recyclability; 0.4-0.7: moderate recyclabil-
ity with some design for circularity; 0.8-1.0: high
product recyclability with a comprehensive focus
on circular economy principles): Evaluates the
recyclability of the company’s products, the incor-
poration of design for circularity principles, and the
company’s commitment to a circular economy.

Renewable Energy Utilization (0-0.3: minimal or
no use of renewable energy; 0.4-0.7: moderate
use of renewable energy with plans for expansion;
0.8-1.0: extensive use of renewable energy with
ambitious targets and investments): Assesses the
percentage of energy sourced from renewable
sources, investments in renewable energy infra-
structure, and the setting of targets for renewable
energy adoption.

Energy Efficiency (0-0.3: low energy efficiency
with limited improvement; 0.4-0.7: moderate
energy efficiency with some initiatives; 0.8-1.0:
high energy efficiency with industry-leading
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performance and continuous improvement):
Evaluates the company’s energy efficiency per-
formance, the implementation of energy-saving
measures, and its progress toward improving
energy efficiency.

Use of Renewable Materials (0-0.3: minimal use
of renewable materials; 0.4-0.7: moderate use of
renewable materials with some sourcing chal-
lenges; 0.8-1.0: extensive use of renewable mate-
rials with responsible sourcing practices):
Assesses the percentage of raw materials sourced
from renewable sources, the implementation of
responsible sourcing policies, and efforts to diver-
sify the sourcing of renewable materials.

Environmental Compliance (0-0.3: significant
noncompliance issues; 0.4-0.7: some compliance
challenges; 0.8-1.0: full compliance with environ-
mental regulations and implementation of robust
management systems): Evaluates the company’s
compliance with environmental regulations and
permits, the implementation of environmental
management systems, and the effectiveness of
monitoring and auditing procedures.

Water Consumption (0-0.3: high water consump-
tion with limited reduction efforts; 0.4-0.7: mod-
erate water consumption with some water-saving
initiatives; 0.8-1.0: minimal water consumption
with comprehensive water stewardship pro-
grams): Assesses the volume of water withdrawal,
the implementation of water-saving measures,
and the company’s participation in water steward-
ship initiatives.

2. Social Indicators: This category assesses the
company’ social responsibility and its impact
on employees, communities, and other stake-
holders. The scoring considerations for each
social indicator are as follows:

Employee Satisfaction (0-0.3: low satisfaction
with limited engagement; 0.4-0.7: moderate
satisfaction with some initiatives to improve
well-being; 0.8-1.0: high satisfaction with com-
prehensive programs and a focus on work-life
balance): Evaluates the level of employee satisfac-
tion, the existence and effectiveness of employee
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engagement programs, and the company’s efforts
to promote work-life balance and well-being.

Employee Training and Development (0-0.3: lim-
ited training opportunities; 0.4-0.7: moderate
training programs with some focus on skills
development; 0.8-1.0: extensive training opportu-
nities covering a wide range of topics, including
sustainability and leadership): Assesses the avail-
ability and scope of employee training programs,
covering technical and soft skills development,
leadership training, and sustainability awareness.

Serious and Fatal Accidents (0-0.3: high inci-
dence of accidents and fatalities; 0.4-0.7: moder-
ate accident rate with some safety programs in
place; 0.8-1.0: very low accident rate with a
strong safety culture and commitment to zero
harm): Evaluates the company’s safety perfor-
mance based on the frequency and severity of
accidents and fatalities, the existence and effec-
tiveness of safety programs, and the company’s
commitment to achieving a zero-harm workplace.

Employee Health and Well-being (0-0.3: limited
or no health and well-being programs; 0.4-0.7:
Basic health and safety programs with some focus
on well-being; 0.8-1.0: Comprehensive health and
well-being programs with a focus on mental
and physical health): Assesses the availability and
comprehensiveness of health and well-being pro-
grams, including mental health support, health
screenings, and initiatives promoting healthy
lifestyles.

Child Labor Policies (0-0.3: evidence of child
labor practices; 0.4-0.7: limited or ineffective pol-
icies; 0.8-1.0: zero-tolerance policy for child labor
with comprehensive monitoring and enforcement
mechanisms): Evaluates the company’s policies
on child labor, its adherence to international stan-
dards, and the effectiveness of monitoring and
enforcement mechanisms within the company
and its supply chain.

Management of Community Impacts (eg noise,
dust) (0-0.3: significant negative community
impacts; 0.4-0.7: moderate community impacts
with some mitigation efforts; 0.8-1.0: minimal com-
munity impacts with proactive engagement and

effective mitigation measures): Assesses the com-
pany’s impact on surrounding communities, parti-
cularly relating to noise, dust, and other potential
environmental disturbances, and its efforts to miti-
gate those impacts and engage with communities.

Business Ethics and Transparency (0-0.3: evidence
of unethical or corrupt practices; 0.4-0.7: limited or
ineffective policies; 0.8-1.0: strong ethical princi-
ples and transparent reporting on business practices
and governance): Evaluates the company’s com-
mitment to ethical business practices, the existence
and implementation of anticorruption policies, and
the level of transparency in reporting on business
conduct and governance structures.

3. Economic Indicators: This category evaluates
the company’ economic performance and
their contributions to sustainable economic
development. The scoring considerations are:

Sales Revenue (N/A): Evaluating sales revenue as
a sustainability indicator necessitates a detailed
contextual analysis, including industry specifics
and economic conditions, making a direct score
assignment challenging.

Operating Profit (N/A): Similar to sales revenue,
assessing operating profit as a sustainability indi-
cator requires a nuanced understanding of the
business environment and industry benchmarks.

Net Profit (N/A): Evaluating net profit within a
sustainability context requires a holistic analysis
of the company’s financial performance and its
alignment with sustainable business practices.

Tax Payments (0-0.3: tax avoidance or evasion
practices; 0.4-0.7: basic compliance with tax reg-
ulations; 0.8-1.0: transparent reporting on tax pay-
ments and contributions to local economies):
Assesses the company’s tax practices, including
transparency in reporting, compliance with regu-
lations, and contributions to local economies
through tax payments.

Operational Costs and Expenses (N/A): Evaluat-
ing operational costs and expenses requires a
detailed understanding of the business model,
industry specifics, and cost structures, making a
standardized score assignment challenging.
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Wages and Market Standards (0-0.3: evidence of
unfair labor practices or below-standard wages;
0.4-0.7: basic compliance with wage regulations;
0.8-1.0: fair compensation exceeding legal and
industry standards, promoting employee well-
being): Assesses the company’s compensation
practices, adherence to wage regulations, and
efforts to promote employee well-being through
fair and competitive wages and benefits.

Local Suppliers (0-0.3: minimal or no engage-
ment with local suppliers; 0.4-0.7: moderate
engagement with some local sourcing; 0.8-1.0:
high engagement with local suppliers, fostering
local economic development and resilient supply
chains): Evaluates the company’s engagement
with local suppliers, the percentage of procure-
ment from local sources, and the impact of sourc-
ing practices on local economic development and
supply chain resilience.

Data Collection and Analysis

This study employed a mixed-methods approach,
combining qualitative analysis with a quantitative
scoring system to facilitate a comparative assess-
ment of sustainability performance across the four
selected companies.

The data collection process involved a compre-
hensive review of publicly available data from
multiple sources for each company. These sources
included:

2022 Sustainability Reports: Integrated reports,
standalone sustainability reports, and other rele-
vant company disclosures.

Corporate Websites: Sustainability sections and
related information on company websites.

Third-Party Platforms: Independently verified
data submitted to platforms such as Carbon Dis-
closure Project (CDP).

This triangulation approach utilized multiple
sources of data to mitigate potential biases and
enhance the reliability of the assessment.

The analysis focused on identifying key sustain-
ability initiatives, strategies, and performance
data related to the established environmental,
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social, and economic indicators. For each indica-
tor, the researchers conducted a thorough qualita-
tive assessment of the company’s performance,
considering various factors, including:

Scope and Scale of Initiatives: The breadth and
depth of the company’s sustainability initiatives
and programs.

Transparency and Data Disclosure: The level of
detail and comprehensiveness of the information
provided in company disclosures.

Progress Toward Stated Goals: Company’ pro-
gress in achieving its stated sustainability targets
and commitments.

Alignment with Industry Trends and Best Prac-
tices: The extent to which company’ activities
aligned with broader industry trends and interna-
tional best practices in sustainability.

Performance for each indicator was then assigned
a score on a scale of 0 to 1, with O representing
the lowest possible performance and 1 represent-
ing the highest possible performance. This scor-
ing system, while acknowledging its inherent
limitations, facilitated a standardized comparison
of company performance across different indica-
tors and enabled the identification of areas of
strength and weakness within each company’ sus-
tainability profile.

The analysis also involved a comparative assess-
ment of the four companies, examining similarities
and differences in their sustainability approaches,
challenges faced, and opportunities identified. This
comparative perspective, informed by both the
qualitative assessment and the quantitative scoring
system, allowed for a deeper understanding of the
diverse sustainability landscape within the paper
and packaging industry, highlighting best practices
that can be adopted or adapted by other companies
within the sector.

FINDINGS
Environmental Sustainability

The paper and packaging industry has significant
environmental impacts throughout its value chain,
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from raw material sourcing to production pro-
cesses and waste management (Jones and Com-
fort 2017).

The commitment of Mondi Group to environmen-
tal sustainability was evident across multiple
facets of its operations. The company demon-
strated exemplary performance in waste manage-
ment, achieving a score of 0.8 for waste disposal
practices. This is due to a 44% reduction in waste
sent to landfills since 2020. This was further evi-
denced by their 0.9 score for recycling waste,
which reflected a 74% recycling/reuse rate for
production waste and ongoing efforts to identify
innovative solutions for remaining waste streams.
Furthermore, Mondi’s commitment to transition-
ing toward renewable energy sources was evi-
denced by its score of 0.8, which reflected its
utilization of 78% renewable energy sources
and its continued investments in energy self-
sufficiency. Nevertheless, the analysis also indi-
cates the necessity for further attention in certain
areas. A score of 0.6 for effluent treatment indi-
cated the need to implement of enhanced strate-
gies to manage effluent load, particularly in light
of the recent increases in chemical oxygen
demand levels. Similarly, while the company was
engaged in reducing air emissions and has made
progress in mitigating NOx emissions, a score of
0.7 for atmospheric emissions indicated that fur-
ther efforts are necessary to minimize the overall
air quality impacts. Despite these challenges,
Mondi’s proactive approach to environmental
management, including adherence to ISO 14001

standards and ongoing water stewardship initia-
tives, indicated a commitment to minimizing its
environmental footprint and progressing toward a
more sustainable future (Table 1).

Kartonsan’s environmental performance pre-
sented a multifaceted picture, showcasing notable
strengths alongside areas necessitating further
development. The company demonstrated excep-
tional performance in waste management, achiev-
ing a score of 0.9 for waste recycling. This was
due to the 91% utilization of waste paper in
coated cardboard production. This achievement,
which exceeded European averages, positioned
Kartonsan as a leader in circular economy prac-
tices within the industry. Furthermore, company’
commitment to responsible waste disposal was
reflected in a score of 0.8, driven by its ‘“Zero
Waste Certificate” and a comprehensive waste
management system that prioritized waste reduc-
tion, recycling, and responsible disposal of
remaining waste streams. Similarly, Kartonsan’s
focus on water resource management was com-
mendable, achieving a score of 0.8 through the
utilization of modern wastewater treatment tech-
niques and the successful implementation of
water recovery and reuse initiatives, which have
led to a 24% reduction in freshwater consump-
tion. Nevertheless, the analysis also revealed areas
that required additional focus and improvement.
Although the report acknowledged the importance
of controlling greenhouse gas emissions and men-
tioned measurement and reporting of Scope 1
emissions, the lack of specific reduction targets

Table 1. Environmental indicators used to assess the four Turkish paper and packaging companies.”

Environmental indicator Mondi Group Kartonsan Duran Dogan Viking Kagit
Al - Hazardous Waste Generation 0.7 0.7 0.7 0.7
A2 - Waste Disposal 0.8 0.8 0.9 0.9
A3 - Treatment of Effluents 0.6 0.8 0.8 0.7
A4 - Recycling of Waste 0.9 0.9 0.9 0.9
A5 - Atmospheric Emissions 0.7 0.6 0.9 0.7
A6 - Recycling and Reuse of Products 0.9 0.9 0.8 0.9
A7 - Renewable Energy 0.8 0.4 0.5 0.4
A8 - Energy Efficiency 0.7 0.7 0.7 0.7
A9 - Renewable Materials 0.8 0.9 0.7 0.8
A10 - Environmental Compliance 0.8 0.8 0.9 0.9
All - Water Consumption 0.7 0.7 0.7 0.7

“Values range from 0 (poor) to 1.0 (high) for each parameter.
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and strategies resulted in a score of 0.6 for atmo-
spheric emissions. Furthermore, company’ current
reliance on conventional energy sources, primar-
ily natural gas, for its operations resulted in a
score of 0.4 for renewable energy. The planned
establishment of a biomass energy plant in 2024
represented a positive step toward the transition
to more sustainable energy sources in the future
(Table 1).

Duran Dogan’s commitment to environmental
sustainability was evident across multiple facets
of its operations, showcasing a promising trajec-
tory toward a more sustainable future. The com-
pany excelled in waste management and circular
economy practices, achieving scores of 0.9 for
both waste disposal and recycling of waste. Simi-
lar to the observations of Jones and Comfort
(2017) regarding leading global companies, the
four companies examined in this study demon-
strated a pronounced focus on waste management
and circular economy principles. For instance,
Duran Dogan’s “Gloss&Green” technology,
which eliminated plastic film lamination and
promoted recyclability, aligned with the industry-
wide trend toward developing sustainable packag-
ing solutions. This technology eliminates the
need for plastic film lamination in packaging,
resulting in fully recyclable cardboard products,
and facilitates the recycling of PET film waste
into valuable raw materials for the plastic indus-
try, contributing significantly to circularity and
resource conservation. Duran Dogan also demon-
strated a strong commitment to responsible water
management, achieving a score of 0.8 for effluent
treatment through investments in advanced water
treatment plants and ongoing efforts to improve
water efficiency. Duran Dogan, the inaugural
packaging company in Turkey to pledge adher-
ence to international standards for greenhouse gas
emissions reporting, was the sole Turkish packag-
ing company to be included in the CDP (Carbon
Disclosure Project) 2013 Global 500 report and
was bestowed with the CDP Turkey Ist place
award. Carbon footprint calculations were con-
ducted annually, encompassing Scope 1, Scope 2,
and Scope 3, and were subjected to verification
and subsequent reporting to CDP. However, the
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analysis also revealed areas where further pro-
gress was needed to fully realize company’ sus-
tainability ambitions. While Duran Dogan is
taking positive steps toward renewable energy
adoption through investments in solar panels and
plans for future renewable energy procurement,
its current reliance on conventional energy sources
reduced the score for renewable energy to 0.5.
While Duran Dogan has established a solid foun-
dation for environmental sustainability, continued
efforts and strategic investments are necessary to
achieve its ambitious climate goals and fully tran-
sition to a low-carbon and circular economy
model (Table 1).

Viking Kagit demonstrated a strong commitment
to environmental sustainability, particularly excel-
ling in the areas of waste management and
resource recovery. Company’ dedication to circu-
lar economy principles was evidenced by scores
of 0.9 for both waste disposal and recycling of
waste. These achievements highlighted Viking
Kagit’s leadership in minimizing waste and maxi-
mizing resource utilization within its operations.
The implementation of a comprehensive waste
management system, culminating in the ‘“Zero
Waste Certificate,” underscored the proactive
approach to waste reduction, recycling, and
responsible disposal of remaining waste
streams. Furthermore, Viking Kagit’s innova-
tive Recyfiber™ technology exemplified its com-
mitment to circularity by utilizing recycled
beverage cartons to produce eco-friendly tissue
paper products, thereby closing the loop and cre-
ating value from waste materials. The company
also demonstrated responsible water management
practices, earning a score of 0.7 for the treatment
of effluents. This score reflects adherence to dis-
charge regulations and a significant 30% reduc-
tion in its water footprint since the base year
2014; indicating ongoing efforts to conserve
water resources. In terms of climate action,
Viking Kagit achieved a score of 0.7 for atmo-
spheric emissions by actively monitoring and
reporting its Scope 1 and 2 greenhouse gas emis-
sions, achieving a notable 33% reduction com-
pared with the base year 2010. Although these
achievements are commendable, the analysis also
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identified opportunities for further enhancing
environmental performance. A score of 0.4 for
renewable energy underscores the need for
increased integration of renewable energy sources
within company’ operations to further reduce reli-
ance on conventional energy and minimize its car-
bon footprint. Additionally, expanding the scope
of emissions reporting to encompass Scope 3
emissions and developing comprehensive strate-
gies for emissions reductions across the entire
value chain are crucial next steps toward achiev-
ing greater environmental sustainability and con-
tributing to global climate action goals (Table 1).

While Jones and Comfort (2017) observed varia-
tions in company’ commitment to climate action,
the companies in this study collectively demon-
strated a degree of progress toward renewable
energy adoption and emissions reductions. This
suggested a potential shift within the Turkish
paper and packaging industry toward greater
emphasis on addressing climate change.

Furthermore, as highlighted by Vivas et al (2024),
the global trend toward digitalization is leading to
a decline in the availability of recycled paper,
posing a significant challenge for the paper indus-
try. This is particularly relevant for the Turkish
context, where securing a sustainable supply of
raw materials is crucial for the long-term viability
of the paper and packaging sector. Moreover, the
exploration of alternative fibers, such as agricul-
tural residues or fast-growing plants, as proposed
by Pydimalla et al (2023), becomes imperative to
mitigate the risk of supply chain disruptions and
ensure the continued growth of the industry while
minimizing its environmental impact.

Social Sustainability

Mondi Group’s approach to social responsibility
demonstrates a multifaceted commitment to its
employees, communities, and ethical business
practices, as revealed through a comprehensive
assessment using established social sustainability
indicators. Company’ efforts to cultivate a positive
and enriching work environment for its employees
were reflected in a score of 0.75 for employee sat-
isfaction. This score acknowledged the generally

positive feedback regarding opportunities for
development, a sense of purpose, and overall
work-life balance, while also recognizing the
need for continued improvement in areas such as
inclusivity and psychological safety. Mondi’s ded-
ication to fostering employee growth and develop-
ment was further evidenced by a score of 0.8,
highlighting significant investments in upskilling
programs, leadership development initiatives, and
specialized training on sustainability and safety.
Commitment to ethical business practices was
also noteworthy, earning a score of 0.9 due to its
robust Code of Business Ethics, comprehensive
anticorruption policies, and the implementation of
the SpeakOut platform, a confidential grievance
mechanism accessible to both employees and
external stakeholders, ensuring a safe and secure
environment for raising concerns. Despite these
commendable efforts, the analysis identified areas
requiring further attention and improvement. A
score of 0.5 for serious and fatal accidents under-
scored the critical need for continued efforts to
enhance safety performance and strive toward the
company’s zero-harm target. While Mondi
actively promotes health and well-being initiatives
and provides access to health services and
Employee Assistance Programs, a score of 0.7
suggests that further development and expansion
of these programs will be essential to ensure
comprehensive and accessible support for
employee well-being, both physically and men-
tally (Table 2).

Kartonsan’s approach to social responsibility pre-
sented a complex picture, with notable strengths
in employee development and ethical business
practices alongside challenges in employee rela-
tions and safety performance. The company
demonstrated a commendable dedication to foster-
ing employee growth and expertise, achieving a
score of 0.8 for employee training and develop-
ment. This score reflected Kartonsan’s investment
in comprehensive training programs covering
diverse areas such as technical skills development,
occupational health and safety, sustainability
awareness, and leadership training, highlighting a
commitment to employee upskilling and long-
term employability. Furthermore, the company
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Table 2. Social indicators used to assess the four Turkish paper and packaging companies.”

Social indicator Mondi Group Kartonsan Duran Dogan Viking Kagit
S1 - Employee Satisfaction 0.7 0.6 0.7 0.7
S2 - Employee Training and Development 0.8 0.8 0.8 0.8
S3 - Serious and Fatal Accidents 0.5 0.6 0.7 0.8
S4 - Employee Health Evaluation 0.7 0.7 0.7 0.7
S5 - Child Labor 1.0 1.0 1.0 1.0
S6 - Dust Complaints 0.8 0.7 0.7 0.8
S7 - Business Ethics 0.9 0.8 0.8 0.8

“Values range from 0 (poor) to 1.0 (high) for each parameter.

reported a strong commitment to ethical business
practices, earning a score of 0.8 due to adherence
to legal requirements, transparency in reporting,
and implementation of ethical guidelines and poli-
cies. Kartonsan’s proactive approach to uphold
human rights and ensure fair labor practices was
further evidenced by its perfect score of 1.0 for its
zero-tolerance policy against child labor. The
analysis also revealed challenges that require
attention and improvement. A score of 0.6 for
employee satisfaction pointed to potential con-
cerns regarding employee relations and overall
satisfaction with working conditions or compensa-
tion, particularly considering an ongoing strike ini-
tiated by the labor union representing a significant
portion of the workforce. Additionally, while Kar-
tonsan prioritized occupational health and safety
and operated under the ISO 45001 standard, a
score of 0.6 for serious and fatal accidents
highlighted the need for continued efforts to
enhance safety performance and strive toward the
zero-harm target (Table 2).

Duran Dogan’s approach to social responsibility
revealed a multifaceted commitment to its
employees, ethical business practices, and foster-
ing a safe and healthy work environment. Dedica-
tion to employee development and upskilling was
reflected in a score of 0.8 for employee training
and development, highlighting its investment in
comprehensive training programs that covered
diverse areas such as technical skills, sustainabil-
ity awareness, leadership development, and
responsible supply chain practices. This focus on
continuous learning and development not only
enhances employee expertise but also contributes
to long-term employability and career advancement

opportunities within the organization. Further-
more, Duran Dogan demonstrated a strong com-
mitment to ethical business practices, earning a
score of 0.8 due to its adherence to ethical labor
principles, implementation of a “ethical policy”
system for reporting violations, and its proactive
approach to upholding human rights across its
operations and supply chain. This commitment
was further evidenced by its perfect score of 1.0
for its zero-tolerance policy against child labor,
ensuring the protection of vulnerable individuals
and adherence to responsible labor practices. The
focus on occupational health and safety was also
noteworthy, achieving a score of 0.7 due to its
ISO 45001 certification and implementation of
comprehensive safety measures and training
programs. Despite these commendable efforts,
the analysis identified limitations in available
data, particularly concerning employee satisfac-
tion. Although the company’ focus on employee
engagement and well-being initiatives suggested
a positive work environment, the lack of detailed
data on employee satisfaction surveys limited a
more thorough assessment of employee morale,
engagement, and overall satisfaction with work-
ing conditions and compensation. Addressing
this data gap and actively engaging with employ-
ees to understand their needs and concerns will
be crucial for Duran Dogan to further enhance its
social performance and create a truly inclusive
and supportive work environment (Table 2).

Viking Kagit’s approach to social responsibility
revealed a strong commitment to its employees,
fostering a safe and healthy work environment,
and upholding ethical business practices. Com-
pany’ dedication to employee development and



Meri¢ and Meric—COMPARATIVE STUDY OF LEADING PAPER AND PAPER-BASED PACKAGING COMPANIES 235

upskilling was reflected in a score of 0.8 for
employee training and development. This score
highlighted investment in comprehensive training
programs spanning various areas, including techni-
cal skills, sustainability awareness, leadership
development, and responsible supply chain prac-
tices. This emphasis on continuous learning not
only enhanced employee expertise and adaptability
but also contributed to long-term employability and
created opportunities for career advancement
within the organization. Furthermore, Viking Kagit
demonstrated a commitment to occupational health
and safety, achieving a score of 0.8. This score
reflected the proactive approach to managing work-
place safety through risk assessments, implementa-
tion of preventive measures, and comprehensive
safety training programs for both employees and
contractors. The absence of reported significant
incidents or accidents further suggested a strong
safety culture embedded within operations. Addi-
tionally, adherence to ethical business practices,
including a zero-tolerance policy for child labor,
contributes to a score of 0.8 in this category. This
commitment aligned with Yasar Holding’s broader
dedication to responsible business conduct and
respect for human rights throughout its subsidiaries
and supply chains. Despite these positive findings,
the analysis also identified a need for increased
transparency and data disclosure to facilitate a
more comprehensive assessment of social perfor-
mance. While the focus on employee engagement
and well-being initiatives suggested a positive
work environment, the limited availability of speci-
fic data on employee satisfaction surveys prevented
a more thorough evaluation of employee morale,
engagement levels, and overall satisfaction with
working conditions and compensation. Similarly,
while the company’s alignment with Yasar Hold-
ing’s commitment to diversity and inclusion
indicated a positive direction, the lack of specific
data on diversity and inclusion initiatives limited a
comprehensive assessment of its progress and
effectiveness in promoting a diverse and inclusive
workplace. Addressing these data gaps and actively
engaging with employees to understand and
respond to their needs and concerns will be crucial
for Viking Kagit to further enhance its social

performance and build a truly inclusive and equita-
ble work environment for all (Table 2).

Our study found that the participating companies
demonstrated a consistent commitment to fair
compensation and positive employee relations.
All four companies adhered to collective bargain-
ing agreements with relevant labor unions, ensur-
ing that employee wages and benefits were
negotiated fairly and transparently. This emphasis
on equitable labor practices was crucial, as work-
ing conditions within the forest, paper, and
packaging industry could significantly impact
employee satisfaction and overall organizational
performance. Research indicated that conducive
working conditions, including fair remuneration
and opportunities for professional development,
were essential for fostering job satisfaction
(Arokiasamy 2019; Mo & Borbon 2022). Con-
versely, inadequate support from management,
limited opportunities for intellectual growth, or
generally poor working conditions could contrib-
ute to employee dissatisfaction and increased
turnover intentions (Herliana et al 2021). This
was particularly relevant in labor-intensive indus-
tries like forest, paper, and packaging, where
employee morale directly influenced productivity
and, ultimately, the quality of products and ser-
vices delivered (Heimerl et al 2020; Banuls
et al 2018).

Economic Sustainability

Mondi Group’s approach to economic sustainabil-
ity demonstrated a commitment to responsible
practices that contributed to the well-being of
local communities and upheld fair labor stan-
dards, as revealed through the analysis of key eco-
nomic sustainability indicators. Dedication to
transparency and accountability in its tax practices
was reflected in a score of 0.8 for tax payments,
highlighting its significant contributions to local
economies through responsible tax contributions.
Furthermore, Mondi’s commitment to fair com-
pensation was evidenced by a score of 0.8 for
wages and market standards, underscoring its
adherence to legal and industry benchmarks for
wages and benefits, ensuring fair and equitable
treatment of its employees. Mondi’s prioritization
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of local sourcing further strengthened its eco-
nomic sustainability performance, earning a score
of 0.8 for its emphasis on procuring goods and
services from local suppliers. This focus on
local procurement not only contributed to local
economic development but also fostered com-
munity resilience and promoted sustainable
supply chains. However, the analysis acknowl-
edged limitations in available data, particularly
concerning metrics such as sales revenue, oper-
ating profit, and net profit. Assessing the sus-
tainability implications of these indicators will
require a more nuanced understanding of industry-
specific benchmarks, economic contexts, and
overall financial performance about its sustain-
able business practices (Table 3).

Kartonsan’s approach to economic sustainability
also revealed a commitment to responsible prac-
tices that contributed to the economic well-being
of local communities and upheld fair labor stan-
dards. Dedication to transparency and account-
ability in its tax contributions was reflected in a
score of 0.8 for tax payments, highlighting its
significant role as a contributor to the Turkish
economy and its support for public services and
infrastructure through responsible tax practices.
Furthermore, Kartonsan demonstrated a commit-
ment to fair compensation, earning a score of 0.7
for wages and market standards. Adherence to
legal and industry benchmarks for wages and ben-
efits, ensuring equitable treatment of its employ-
ees while also recognizing potential areas for
improvement, particularly in light of the ongoing
labor strike related to negotiations for a new col-
lective bargaining agreement. Kartonsan’s priori-
tization of local sourcing further strengthened its
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economic sustainability performance, achieving a
score of 0.8 for its emphasis on procuring goods
and services from local suppliers. This focus on
local procurement not only stimulates local eco-
nomic development and job creation but also
fosters community resilience and promotes sus-
tainable supply chain practices by reducing trans-
portation distances and associated environmental
impacts. However, the analysis acknowledged
limitations in available data, particularly concern-
ing metrics such as sales revenue, operating profit,
and net profit. A more comprehensive evaluation
of Kartonsan’s overall economic sustainability
performance would require a deeper understand-
ing of these financial indicators within the context
of industry-specific benchmarks, economic fluc-
tuations, and the strategic alignment of financial
performance with sustainable business practices
(Table 3).

Duran Dogan’s approach to economic sustainabil-
ity also revealed a multifaceted commitment to
responsible financial practices, fair labor stan-
dards, and contributions to local economic devel-
opment. The company demonstrated transparency
and accountability in its tax contributions, receiv-
ing a score of 0.8 for tax payments, highlighting
its role as a responsible corporate citizen and its
support for public services and infrastructure
development within the Turkish economy. Fur-
thermore, Duran Dogan’s commitment to local
sourcing was evident in its score of 0.8 for pri-
oritizing procurement from local suppliers.
This practice not only stimulates local eco-
nomic growth and job creation but also fosters
resilient supply chains by reducing dependence
on long-distance transportation, thereby minimizing

Table 3. Economic indicators used to assess the four Turkish paper and packaging companies.®

Economic indicator Mondi Group Kartonsan Duran Dogan Viking Kagit
El - Sales Revenue N/A N/A N/A N/A
E2 - Operating Profit N/A N/A N/A N/A
E3 - Net Profit N/A N/A N/A N/A
E4 - Tax Payments 0.8 0.8 0.8 0.8
ES5 - Operational Costs and Expenses N/A N/A N/A N/A
E6 - Wages and Market Standards 0.8 0.7 0.7 0.7
E7 - Local Suppliers 0.8 0.8 0.8 0.7

*Values range from 0 (poor) to 1.0 (high) for each parameter.
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associated environmental impacts and promoting
regional economic development. Although the
focus on employee well-being and ethical labor
practices suggested an inherent commitment to fair
compensation, the lack of specific data on wages
and benefits limited a comprehensive assessment in
this area. A score of 0.7 was assigned for wages
and market standards, acknowledging the poten-
tial need for increased transparency and disclo-
sure regarding employee compensation practices.
Additionally, the analysis recognized limitations
in the available data concerning metrics such as
sales revenue, operating profit, and net profit.
Evaluating these financial indicators within the
context of sustainable business practices necessi-
tates a more nuanced understanding of industry-
specific benchmarks, economic fluctuations, and
strategic alignment of financial performance with
long-term sustainability goals. Future research
and reporting should focus on providing a more
comprehensive and contextualized analysis of
these economic indicators to fully assess Duran
Dogan’s overall contribution to sustainable eco-
nomic development (Table 3).

Viking Kagit’s approach to economic sustainabil-
ity demonstrated a commitment to responsible
financial practices, fostering local economic
development, and upholding fair labor standards.
Dedication to transparency and accountability in
its tax contributions is reflected in a score of
0.8 for tax payments, signifying its role as a
responsible corporate citizen and its contribution
to supporting public services and infrastructure
development within the Turkish economy. Fur-
thermore, Viking Kagit’s emphasis on local
sourcing, particularly for materials and services
other than virgin pulp, which is primarily
imported due to limited domestic availability,
contributed to a score of 0.7 for supporting local
economies and fostering resilient supply chains.
This preference for local procurement not only
stimulates regional economic growth and job cre-
ation but also reduces the environmental impacts
associated with long-distance transportation,
thereby promoting both economic and environ-
mental sustainability. Although specific data on
wages and benefits was limited, Viking Kagit’s

adherence to a collective bargaining agreement
with the Seh'jloz—i§ union and its alignment with
Yasar Holding’s commitment to ethical labor
practices suggested fair compensation for its
employees. However, a score of 0.7 was assigned
for wages and market standards to acknowledge
the potential need for increased transparency and
disclosure regarding specific wage structures and
benefits provided to employees. The analysis
further recognized limitations in the available
data concerning overall financial performance.
Evaluating metrics such as sales revenue, operat-
ing profit, and net profit within the context of
sustainable business practices necessitates a
more nuanced understanding of industry-specific
benchmarks, economic fluctuations, and the
company’s strategic alignment of financial perfor-
mance with long-term sustainability goals.
Providing greater transparency and disclosure
regarding these financial indicators and demon-
strating how financial success translates into posi-
tive social and environmental impacts would
enable a more holistic assessment of Viking
Kagit’s contribution to sustainable economic
development and its overall commitment to creat-
ing shared value for all stakeholders (Table 3).

CONCLUSIONS

Comparative analysis of the sustainability perfor-
mance of the four companies revealed a diverse
approach to sustainability within the Turkish paper
and packaging industry. While the companies all
demonstrated a commitment to environmental and
social responsibility, their performance and areas
of emphasis varied, likely influenced by factors
such as company size, access to resources, and
specific product lines.

All four companies exhibited a strong commit-
ment to waste management and circular economy
principles. This shared focus was evident in
Mondi Group’s achievement of a 44% reduction
in waste to landfill since 2020; Kartonsan’s 91%
utilization of wastepaper in its coated cardboard
production, Duran Dogan’s development of
“Gloss&Green” technology, and Viking Kagit’s
innovative Recyfiber® technology, which utilizes
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recycled beverage cartons. These initiatives align
with the industry’s growing recognition of the
environmental and economic benefits of minimiz-
ing waste and maximizing resource recovery.

However, company approaches to energy man-
agement and carbon emissions reduction varied.
While Mondi Group and Duran Dogan have
established ambitious science-based targets for
emissions reduction, Kartonsan and Viking Kagit
primarily focused on energy efficiency and
responsible sourcing. This difference highlighted
a potential challenge for the Turkish paper and
packaging industry: balancing the cost-
competitiveness of conventional energy sources
with the need to transition to renewables to
achieve more significant emissions reductions.

The analysis also revealed variations in social per-
formance. Mondi Group stood out with its com-
prehensive approach to employee well-being,
actively measuring employee satisfaction, pro-
moting diversity and inclusion, and implementing
a robust grievance mechanism. Although the
other companies demonstrated commitment to
fair labor practices and employee training, the
limited data on employee satisfaction and diver-
sity initiatives made it difficult to comprehen-
sively assess their social performance.

Furthermore, this study highlighted industry pro-
gress toward adopting circular bioeconomy prin-
ciples, as evidenced by initiatives such as using
recycled content, developing biodegradable mate-
rials, and investing in waste reduction strategies.
However, the decline in the availability of recycled
paper, presents a challenge, particularly in the
Turkish context. Exploring alternative fibers, such
as agricultural residues or fast-growing plants may
be necessary to mitigate supply chain risks and
ensure the industry’s long-term sustainability.

This research underscored the importance of
transparency and data disclosure in driving sus-
tainable practices within the paper and packaging
industry. Although Mondi Group provided com-
prehensive data, the other companies offered
limited information on how their economic per-
formance translated into positive social and envi-
ronmental impacts. Adopting integrated reporting
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frameworks that connect financial performance
with environmental and social outcomes can
enhance transparency and demonstrate the value
of a holistic approach to sustainability.

While the results are based on company-reported
data, they offer valuable insights into the current
state of sustainability in the Turkish paper and
packaging industry and illuminate key areas for
future research. Further investigation into the
economic feasibility and scalability of circular
economy solutions, the social implications of a
circular bioeconomy, and the role of policy in
driving industry-wide sustainability improve-
ments is warranted. Moreover, exploring emerg-
ing technologies to enhance transparency and
traceability within the supply chain can contribute
to a more responsible and sustainable paper and
packaging industry.

Future Research Directions

Building upon the findings of this comparative
analysis, several avenues for future research
emerge. Investigating the economic feasibility
and scalability of circular economy solutions
within the Turkish paper and packaging industry
is crucial, exploring factors, such as investment
costs, technological advancements, and consumer
acceptance. Further research could also delve dee-
per into the social implications of the transition to
a circular bioeconomy, examining its impact on
employment, community development, and social
equity within the sector. Additionally, exploring
the role of policy interventions in incentivizing
sustainable practices and promoting industry-
wide collaboration on resource efficiency and
emissions reduction presents a significant research
opportunity. Moreover, investigating the potential
of emerging technologies, such as blockchain and
artificial intelligence, to enhance transparency and
traceability within the paper and packaging sup-
ply chain could provide valuable insights for
promoting responsible sourcing and ethical pro-
duction practices. Finally, comparative studies
expanding the scope to encompass other emerg-
ing economies could shed light on the broader
challenges and opportunities associated with
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sustainable development within the global paper
and packaging industry.
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Abstract.

This study determined the deflection performance of melamine-faced medium-density fiber-

board and particleboard shelves supported by acrylonitrile butadiene styrene, polylactic acid (PLA), or
WOOD-PLA pins. The study was based on the BS EN 16122 standard and TS EN 9215 to assess deforma-
tion subjected to increasing loads. Material type, filament fill, and filament material type significantly
affected deflection with R? and adjusted R? values of 96.1% and 94.2%, respectively.

Keywords:

INTRODUCTION

Wall and floor cabinets serve as storage units in
various spaces, such as kitchens, bathrooms, and
offices. These cabinets are typically constructed
in the form of box furniture. Owing to their versa-
tile nature, furniture units can be subjected to var-
ious loads with varying sizes and qualities,
depending on the intended purpose of the furni-
ture (Imirzli 2008). Shelves can deflect to varying
degrees depending on the material composition
and load. Understanding these effects is an impor-
tant aspect of proper design. Shelves are normally
supported by pins of varying materials including
wood, metal, or plastic. Metal or wood pins are
normally fabricated from larger pieces, whereas
plastic pins are extruded or cast.

The evolution of three-dimensional (3D) printing
has created an exciting new opportunity to create
pins with more specific properties tailored to the
specific application. Three-dimensional printing
provides greater flexibility in controlling the
microarchitecture to fabricate cellular structures
than conventional —manufacturing methods
(Compton and Lewis 2014). There are many 3D
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printing methods, including stereolithography,
inkjet printing, fused deposition modeling
(FDM), selective laser sintering, and laminated
object manufacturing.

Objects that are already fabricated include func-
tional parts, such as toys, tools, household items,
and customized scientific instruments (Perce
2017). Three-dimensional fused filament fabrica-
tion (FFF) printers have the potential to be used
not only for conventional prototyping but also for
small-scale manufacturing (Pearce et al 2010;
Perce 2017).

Polylactic acid (PLA), a bio-based polymer, is
one of the most widely used thermoplastics to
fabricate objects with 3D FFF printers. PLA
develops strong bonds between successive layers
of melt materials during printing because the
glass transition temperature is low enough to
facilitate effective bonding between layers, yet
high enough to ensure that the printed parts
maintain their shape when subjected to moderate
operating temperatures. PLA is already used in
disposable packaging applications and is currently
being investigated for more durable applications
(Harris and Lee 2010; Mannoor et al 2013; Wertz
et al 2014; Notta-Cuvier et al 2014, 2015;
Bouzouita et al 2016; Nagarajan et al 2016).
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Layer height, printing orientation, density and
infill type, and number of outline perimeters
strongly influence the mechanical properties of
finished parts in additive manufacturing printing.
Pandzic et al (2019) examined the influence of
density and infill type on the tensile properties
of PLA specimens and showed that an increase
in infill density PLA-improved mechanical
properties.

PLA has the potential to either replace conven-
tional petrochemical-based polymers for indus-
trial applications or as a leading biomaterial for
numerous medical applications (Drumright et al
2000; Lopes et al 2012). Economic, environmental,
and safety challenges have encouraged packaging
producers and scientists to partially substitute
petrochemical-based polymers with biodegradable
ones. PLA is a high-strength, thermoplastic, high-
modulus polymer that can be made from annually
renewable resources. It is easily processable on
standard plastic equipment to yield molded film,
fibers, or parts (Garlotta 2002; Czuba 2014).

Blend materials can be applied in many industrial
applications due to their higher strength-to-weight
ratios than base materials. Applications requiring
high tensile strength can include these filament
materials among thermoplastics (Blok et al 2018).

Yildirim et al (2019) studied the properties of
dowels produced in 3D printers for fixed con-
struction furniture corner joints using a diagonal
pressure test. They produced two different acrylo-
nitrile butadiene styrene (ABS) and PLA 8 mm
diameter dowels using a 3D printer using the FDM
method. The long side of the dowels was produced
parallel (tangent) and perpendicular (radial) to the
ground plane. The main construction material was
medium-density fiberboard (MDF Lam) coated
with synthetic resin paper (melamine). The dowel
was produced in the 3D printer as the joining ele-
ment and L-type construction was prepared using
polyurethane glue as the adhesive.

The most common printing filaments used in
FDM are PLA and ABS, as they have shown
impressive results against various stresses. ABS
has high strength, whereas PLA (Garric et al
2008; Zhang et al 2019) is flexible. Blending them
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together can produce a product with improved
strength and mechanical properties (Dizon et al
2018).

Wood is an organic material, and its powder can
be used for printing in combination with different
materials. The thermoplastic composite industry
uses wood owing to its affordability, renewability,
high modulus, and excellent machinability (Ayril-
mis 2018; Deb and Jafferson 2021). Adding
wood to PLA decreases filament costs, but further
investigation into the mechanical characterization
of 3D-printed PLA-wood composites is required.

Previous studies have primarily focused on opti-
mizing and characterizing fully dense material
parts (Lanzotti et al 2015; Song et al 2017).

Recent studies have characterized the effects of
build orientation (flat, on-edge, or upright), layer
thickness (0.06 to 0.24 mm), and feed rate (20-80
mm/s) on the mechanical performance of PLA
samples manufactured with a low-cost 3D printer
using tensile and three-point bending tests.
Upright samples exhibited interlayer failure with
lower strength and stiffness performance for built
orientations. Upright samples also exhibited
increased tensile and flexural strengths as layer
thickness increased. On the other hand, iTensile
and flexural strengths decreased as the feed rate
used to produce these samples increased (Chacon
et al 2017).

Afrose et al (2014) investigated the tensile proper-
ties of dog-bone-sized PLA thermoplastic material
printed in different build orientations processed by
a Cube-2 3D Printer. The ultimate tensile stress of
PLA samples built in the X-direction (PLA-X)
was highest at 38.7 MPa and ranged from 60% to
64% of the raw PLA material, whereas values
were lower at 31.1 and 33.6 MPa for PLA-Y and
PLA-45, respectively. The study suggested that
although different build orientations have varying
effects on the strength and toughness of printed
parts, a balance can be achieved by considering
the specific application requirements.

Tymrak et al (2014) quantified the basic tensile
strength and elastic modulus of printed components



Erdinler and Seker—PERFORMANCE OF MEDIUM DENSITY FIBERBOARD AND PARTICLEBOARD SHELVES 243

using realistic environmental conditions for stan-
dard users of a selection of open-source 3D prin-
ters. They found average tensile strengths of 28.5
MPa for ABS and 56.6 MPa for PLA with aver-
age elastic moduli of 1807 and 3368 MPa,
respectively.

Tensile strength, flexural properties, fracture
toughness, and compressive properties, as well as
impact strength, have also been investigated
(Guntekin 2003; Imirzi 2008; Wang et al 2017).
Mechanical properties of fully dense parts fabri-
cated with an optimal selection of process para-
meters are comparable to parts fabricated with
conventional methods such as injection molding.

Eckelman (2003) stated that shelf deflections
between 1/200 and 1/500 of the shelf length were
within acceptable limits. He stated that deflections
up to 1/180 of the shelf length were pleasing to
the eye, but ratios at or below 1/165 were aesthet-
ically pleasing (Eckelman 2003).

Jivkov et al (2010) examined the deflection prop-
erties of shelves made of melamine-coated parti-
cleboard (PB) and fiberboard under distributed
load by placing two to three slats of plywood in
channels drilled on the lower surfaces of the
shelves. The incorporation of three slats beneath
the shelf structure resulted in a 20% improvement
in deflection properties compared with standard
PB. Moreover, they also found that fiberboard
exhibited a 30% increase in deflection properties
with the same support (Jivkov et al 2010).

Tankut et al (2008) reported a 33% improvement
in deflection when screws were placed behind the
shelves to improve the deflection properties of
fiberboard and PB (Tankut et al 2008). Joining
elements of in-cabin shelves used as cargo racks
were produced with three different filaments in a
3D printer.

The furniture industry employs various joint
assembly methods, including those that involve
plastics, metals, and other materials. The goal of
this study was to determine the deflection of PB
and MDF shelves supported by pins composed of
different material types.

MATERIALS AND METHODS
Materials

Wood cabinet and shelves. Typical wooden
cabinets of MDF and PB (1800 mm (height) X
450 mm (width) X 450 mm (thickness)) were
chosen randomly. The shelves in these cabinets
were made of 18-mm thick MDF and PB materi-
als (Fig 1).

A total of 36 shelves manufactured with two dif-
ferent materials were tested. Density, MC, MOR,
and MOE values of the shelves were 0.716 g/cm’,
6.98%, 28.48 N/mm?, 6028.72 N/mm?, respec-
tively, for MDF and 0.63 g/cm3, 9.02%, 12.86
N/mm?, 5821.2 N/mm?, respectively, for PB.

Fasteners. The cabinets featured MDF and PB
shelves secured in place by shelf pins. The load-
bearing capacity of the shelf pins is often more
important than the overall durability of the shelf
itself. The shelf pin design used in this study
(Fig 2[a] and [b]) is a widely adopted product uti-
lized by numerous companies.

In-fill percentages of the printer shelf fastener
were 30% or 40%. Various pins were produced
using different fill levels to determine the most
suitable fill rate for the desired conditions. The
filaments used for 3D printing included PLA,
ABS, and PLA-Wood materials from a filament
manufacturing company in Turkey (Porima Poly-
mer Technologies Inc., Yalova, Turkey).

Forty-eight PLA filament pins were (1.75 mm in
diameter) used to mount MDF and PB shelves at
30% and 40% fill to the cabinet. Figure 3 shows
pins made of PLA filament with 30% or 40% fill
(Nikon SMZ-445).

ABS, a commonly used thermoplastic, is used in
a broad range of products from television remote
controls to the automotive industry. ABS has high
flexural strength and elongation before breaking.
In the study, 48 ABS shelf pins were used to
mount MDF and PB shelves at 30% and 40% fill
to the cabinet. Figure 4 shows pins made of ABS
filament with 30% or 40% fill.

PLA/wood filaments incorporate 30% wood
reinforcement materials into their composition,
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Figure 1.

enabling the printing of products with greater res-
olution, reduced mass, superior thermal proper-
ties, and a realistic wood texture than standard
PLA filaments (Chacén et al 2017).

Forty-eight 3D-printed PLA/wood shelf pins were
used to mount MDF and PB shelves with 30% or
40% fill to the cabinet (Fig 5).

Examples of the test shelves along with side views of the MDF and PB shelves.

Test Method

Test method for shelves. The study was based
on BS Standard EN 16122 (2012) while TS EN
9215 (2005) was followed to measure shelf defor-
mation with increasing loads. Eighty kilogram
square meter of test load was added for every
40 mm of shelf length and held for 7 d resulting

Figure 2. Example of (a) the model pin and (b) the pin as modeled using 3D printer software.
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Figure 3. Examples of (b) PLA filament pins along with microscopic images of pins with 30% or 40% fill ratios (a and c,

respectively).

Figure 4. Examples of (b) ABS filament pins along with microscopic images of pins with 30% or 40% fill ratios (a and c,

respectively).

in a total load of 12.8 kg. However, the test was
repeated two times since the material used was
new and not of the type of glass, metal, or plastic
specified in the standard. Total deflection was
recorded at the end of 7 d.

The first deflection measurements were made at
midspan (shelves) on unloaded racks, then again
after applying the uniform load using a deflection
yoke equipped with a comparator (Devotrans dig-
ital indicator) to measure center deflection to the
nearest 0.001 mm. Measurements were taken at

the midpoint along the shelf length where maxi-
mum deflection occurred (Fig 6).

Wood and wood-based materials tend to deform
when under long-term loading. Deflection takes
place as a result of the changes in molecular struc-
ture. In this study, deflection tests were conducted
on shelves that were subjected to a distributed
and fixed loading for 7 d. Deflection at the time
of initial loading is fast (primary deflection), and
then declines to a slower steady rate (secondary
deflection) (Guntekin 2003).

Figure 5. Examples of (b) PLA-WOOD filament pins along with microscopic images of pins with 30% or 40% fill ratios (a
and c, respectively).
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Figure 6. Diagram showing the load pattern for the shelves along with the comparator used to measure the deflection.

The data were subjected to multivariate analysis
of variance (ANOVA). When the difference
between groups was significant, univariate analy-
sis was used to determine the difference between
means at o = 0.05 using SPSS software.

SolidWorks finite element analyses. The avail-
ability of computer-based finite element methods
(FEM) allows even complex structures such as
furniture construction to be analyzed without
destroying the furniture. This method also helps
to accelerate the engineering design of furniture.
In this study, the FEM software SolidWorks
(Dassault Systemes SOLIDWORKS Corp, Wal-
tham, MA) was used to analyze the shelf models.
Geometry, loading, and the meshing process for
the shelves are displayed in Fig 7 Triangular
meshing structure, as maximum mesh, was used
to evaluate several intervals. MOR, MOE, den-
sity, and MC values of MDF and PB shelves
were determined by laboratory tests and for the
filaments. Technical values from the supplier
were used to determine the deflection values of
both shelf types.

RESULTS AND DISCUSSION
Damage Symptoms and Deflection Values

The midpoint of the shelves and the connection
pins in both PB and MDF were the most fre-
quently observed damage locations. Standard

loads, combined with pins made of ABS, PLA,
and PLA-WOQOD (Fig 8), were applied during the
testing process, and deflection was measured
using a comparator.

As part of the standard (BS 16122-2012) testing
protocol, shelves were left under load for 7 d, and
varying degrees of deflection was observed in
the MDF and PB materials. The results demon-
strated that the deflection of pins used as join-
ing elements varied across different ranges
(Fig 9) and were further impacted by the satu-
ration point.

Statistical Analyses Results

According to the ANOVA, shelf material type,
fill, and filament material type factors had statisti-
cally significant effects on deflection. Two-factor
ANOVA statistics were performed for shelf mate-
rial, filament type, and saturation unrelated sam-
ple groups, and the mean and standard deviations
of edge and fill (Table 1).

The average filament type deflections used in
the tests and the fill ratios of these filaments were
1.3261 mm for MDF shelves and 1.6029 mm
for PB.

The statistical results for the average deflection
results according to shelf material, filament
material, and fill variables are shown in
Table 2.
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Figure 7. Diagram showing the shelving unit along with the meshing used for the model.

Figure 8. Photos showing the loads applied to a shelf unit as well as examples of shelves with the three-pin materials.
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ABS (%30FILL) ABS (%40FILL)
0,7sMDF<1 1,3sMDF<1,5
0,75 sPB £1,2 | 1,6 <PB 1,8

PLA (%40FILL)
1,6<sMDF<1,8
1,8 <PB 52

PLA (%30FILL)
1,6sMDF<1,8
1,75 sPB 52

PLA-WOOD (%30FILL) 1 PLA-WOQOD (%40FILL)
1sMDF<1,2 — 1sMDF<1,3
1,3sPB<1,5 1,3<PB<1,6

Figure 9. Data groups were obtained from test results of loads applied to shelves supported with PLA, ABS, or PLA-WOOD
pins.

Table 1. Results of two-factor statistical analysis.

MDF PB Total
Mean SD Mean SD Mean SD

ABS %30 071 0.15 ABS 30%  0.88 0.13 ABS 30% 0.80 0.15

%40 143 0.08 40% 1.71 0.08 40% 157 0.17
PLA %30 1.66 008 PLA 30% 1.83 0.13 PLA 30% 1.75  0.13

%40 1.85 0.05 40% 236  0.15 40% 2.10 0.30
PLA-WOOD %30 1.19 0.15 PLA-WOOD 30% 135 0.04 PLA-WOOD 30% 127 0.13

%40  1.10 0.10 40% 1.40 0.14 40% .22 0.19
Total %30 1.19 043 Total 30% 135 042  Total 30% 127 042

%40 146  0.33 40%  1.88 0.44 40% 1.65 043
Total 1.32 040  Total 1.60 050 Total 1.46 462 132 040

Table 2. Table of average statistics.

Type III sum Mean Partial eta
Source of squares df square F Sig. squared
Corrected Model 6.975% 11 0634 51.375 0.00 0.96
Intercept 73.556 1 73.556 5959.799 0.00 1.00
Shelf_Material 0.609 1 0609 49.367 0.00 0.68
Filament_Material 3958 2 1979 160.333 0.00 0.93
Fill 1190 1 1190 96.413 0.00 0.81
Shelf_Material * Filament_Material 0.026 2 0013 1040 0.37 0.08
Shelf_Material * Fill 0.088 1 0088 7157 0014 0.24
Filament_Material * Fill 0.896 2 0448 36.292 0.00 0.76
Shelf_Material * Filament_Material * Fill 0.024 2 0012 0.990 0.39 0.08
Error 0.284 23 0.012
Total 81.923 35
Corrected Total 7259 34

R? = 0.961 (adjusted R* = 0.942).
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Solid Finite Element Analysis

Samples tested for 7 d were modeled in the
SolidWorks finite element analysis (FEA)
program and subjected to the same load. Defor-
mation ranges were similar to the actual tests.

URES fman)

0%

[ Qs

. QM

. ang

. 089

Qss9

I Q419
L Q4
L an
L oM
. Q%

l oy
1e-20

m_ URLS pma)
100

l e

ass

am

Qe

l ames
10

ABS FRAMENT/ MOF SHELVES

ARG FRAMEINT/SS DiVES

Pins made of ABS filament deflected 0.959 mm
in MDF shelves at 30% fill, 0.959 mm in
PB shelves, 1.03 mm in MDF shelves at 40%
fill, and 1.35 mm in PB shelves, 1.72 mm in
Fig 10.

ABS PRAMENTASDS DTS
UBLS
1

[ 1

LA

l am
10

AR PRAMINT/PE SHUVES
URES )

[ 137

Figure 10. FEM analysis results show load—deflection of shelves with ABS pins.
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Pins made of PLA filament gave a deflection of
1.65 mm in MDF shelves at 30% fill, 1.65 mm
in PB shelves, 1.83 mm in MDF shelves at
40% fill, and 1.78 mm in PB shelves; 1.94 mm in
Fig 11.
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Pins made of PLA-WOOD filament deflected
1.40 mm in MDF shelves at 30% fill compared
with 1.10 mm in PB shelves, whereas those at
40% fill deflected 1.37 mm in MDF shelves and
1.14 mm in PB shelves (Fig 12).
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Figure 11. FEM analysis results show load—deflection of shelves with PLA pins.
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Figure 12. FEM analysis results show load—deflection of shelves with PLA-WOOD pins.

Emerging technology allows pins to be reverse-
engineered to optimize properties for specific
applications. For example, Koprnicky et al (2017)
evaluated an upper extremity prosthesis made
with 3D printing technology including bionic
hands. Yildirim et al (2019) determined the effect
of biscuit-type joining elements produced in 3D

printers on the bending moment. Strength is tar-
geted in “L” type corner joints. For this purpose,
18-mm thick MDF-lam, wood-based biscuits of
ABS, or PLA were produced with a 3D printer.

The least amount of deflection in the current study
was observed with ABS filament, followed by
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PLA-WOOD and PLA. Zhang et al (2019)
reported that ABS filament was more durable,
while Ayrilmis (2018) noted that WOOD PLA
was more durable than PLA. Assembly pins of
ABS, PLA, and PLA-WOOD materials were pro-
duced with 30% and 40% saturation levels. Satu-
ration level directly affected pin mechanics,
which is consistent with the findings of Pandzick
et al (2019). Finite element method (FEM) has
been used in many fields, such as healthcare, con-
struction, and automotive applications to optimize
materials before actual production. The numerical
modeling of 3D-printed natural fiber-reinforced
plastic composites is still in its infancy, which
underlines the need for further research. For
example, Nagib et al (2023) evaluated a personal-
ized polymeric 3D-printed, digitally planned
surgical guide designed to achieve precision and
predictability in nonstandard mini-implant ortho-
dontic cases. The analysis was used to design a
surgical guide for the placement of mini-implants
as temporary crown supports. A FEM simulation
was performed using Abaqus numerical analysis
software. Finite element simulation revealed the
maximum displacements and stresses in the surgi-
cal guide. Kugkun et al. (2023) optimized the
cross-sectional geometry for dowels created by
3D printing, and optimization supported by FEM
analysis. Tankut et al (2008) determined the
effects of various construction practices on the
flexural properties of bookcases made of compos-
ite materials. They performed a deflection test on
MDF and PB racks in 18 bookshelves using dif-
ferent fasteners. Each of the three cases was made
for 1) determining the actual deflection of the
leading edge of a shelf as a function of the rein-
forcement of the trailing edge; 2) evaluating the
contribution of installing an intermediate shelf on
the side walls to the bending of the walls; and 3)
examining the effect of bezels on cheek deflec-
tion. The remaining six cases were used to inves-
tigate the effect of rack-to-sidewall joint stiffness
on midspan rack deflection. The results of the
study showed that the performance of existing
designs could be improved by attaching the racks
to the back of the chassis with screws, securely
attaching the racks to the chassis edges, and
increasing the chassis thickness, or MOE. The
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results showed that the PB material exhibited
greater aberration, consistent with similar findings
obtained using ANSYS software. These results
are consistent with the findings of the present
study.

CONCLUSIONS

In the current study, the deflection values were
directly proportional to the shelf and filament
materials. Furthermore, deflection values were
proportional to the filament material’s fill content.
MDF shelves were more durable under load than
PB shelves. ABS pins experienced less deflection
than those composed of PLA or PLA-Wood and
would be recommended for shelves subjected to
longer-term, heavier loads. Despite the presence
of variables, the results indicated that shelves
made of MDF were more durable under load than
PB. Therefore, considering the typical loads
encountered by shelves within cabinets during
daily use, such as books, plates, detergents, etc., it
is recommended to utilize MDF materials for
enhanced durability. In the conducted study, the
same load was uniformly applied for the same
duration. Deflection values were recorded under
conditions where ABS filament was utilized for
both shelf materials, and it was found that deflec-
tion values were lower compared with those
obtained using other filaments. ABS material pin
fitting would be recommended for shelf construc-
tion for a longer duration of use. According to the
experimental data, the deflection value of shelves
supported by pins from ABS filaments was less
than that of PLA and PLA-WOOD filaments.
This result was also supported by the performed
FEM analysis.

Accordingly, shelves can be simulated structur-
ally under the actual realization of computer-
aided analysis such as SolidWorks FEA for cost
reduction and for the prevention of material dam-
age likely to occur. The filament type used in the
tests and the fill ratios of these filaments were
1.3261 for MDF shelf material and 1.6029 for
PB material in the deflection test results. The
results showed that the material type, filament
fill, and filament material type were significant.
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The adequacy of models was evaluated by the R-
square (R? and adjusted R-square (adj—Rz) values.
The results for these values were 96.1% and
94.2%, respectively.
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