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Abstract: Timber construction is gaining popularity in Germany due to its sustainability, versatility, and aesthetic
appeal, but, as a biological material, it can develop issues when exposed to moisture. Wood-destroying fungi
can significantly reduce durability and structural integrity. Adequate moisture protection during construction is
crucial for the longevity and performance of timber structures. This paper examines moisture protection practices
on German construction sites and emphasizes the importance of proper on-site moisture management for
sustainable timber construction. Visits to sites using timber construction revealed the status of moisture mitigation
practices in conjunction with timber construction in Germany. A mixed-methods approach included photo
documentation and protocol completion, yielding data for analysis to understand the depth and effectiveness of
moisture protection strategies. The findings reveal a gap between problem awareness in the scientific community
and practical handling on construction sites. Many sites exhibited disorganized structures and deficiencies in
moisture protection strategies. While self-adhesive weathering membranes were used in nearly half the sites
visited, less than one-third of the sites demonstrated sufficient moisture mitigation practices that protected the
construction throughout the entire assembly process. This underlines the need to step up efforts in this area to
ensure durable and high-quality timber construction that will be less reliant on the experience of designers or
craftsmen.

Keywords: Assembly processes; Moisture; Timber construction; Mixed methods; Protection concept; Rainwater

penetration; Prefabrication.

Introduction

As arenewable resource, wood can contribute to the attempts
to counteract climate change by accumulating carbon dioxide
(CO,) throughout the lifespan of the growing tree (Tupenaite et
al. 2023). When used in construction, this wood functions like
a battery, storing the carbon it has absorbed over its lifetime
(Sathre and O’Connor 2010; Mergel et al. 2024). Timber as
a building material has the potential to maintain this storage
function for a long time. However, wood is a biological mate-
rial that can be degraded under certain conditions by fungi and
insects. In particular, fungal decay typically occurs when the
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wood moisture content lies between cell wall saturation (about
25%) and the fully waterlogged condition, whereas in anoxic,
permanently submerged environments most fungi are unable to
decompose wood (Schrader et al. 2025). Thus, moisture man-
agement during construction is essential, as repeated wetting
combined with periods of elevated moisture content creates a
significant risk of biological degradation (Kalbe et al. 2022).

In contemporary German timber construction, the durability
of the material is primarily determined by wood-destroying
fungi and to a lesser extent by insects. The time and tempera-
ture profile of kiln drying leads to a reduction in protein and
vitamins, making the wood less attractive to wood-destroying
insects (Schmidt 2023). Consequently, insects rarely infest the
wood and thus do not play a significant role in contemporary
timber construction. This is especially important in the context
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of new buildings being erected. The only exception in this
respect are termites, which—although at the moment pose a
significant challenge in southern Europe—are generally not
native to Germany based on current climatic conditions and
occur only locally to a small extent (Scheiding et al. 2021;
Kutnik et al. 2020). Therefore, moisture is the primary factor
influencing the durability of state-of-the-art timber construc-
tion that we consider in this paper.

Fungi are generally unable to use water bound in the cell wall
structure of the wood because it is held too strongly within
the cell wall. For deterioration to occur, free water is needed.
Because of this, most fungi require a moisture content above
the fiber saturation point (around 25%) (Schrader et al. 2025).
However, some fungi, like the dry rot fungus (Serpula lacry-
mans), are able to colonize timber, even though the moisture
content is below the fiber saturation point, because they can
transport water throughout their mycelium from a local mois-
ture source to create an environment suitable for deterioration
(Schrader et al. 2025). As fungal spores are present everywhere
in the air (Scheiding et al. 2021; Wang et al. 2018), the great-
est danger is therefore posed by mold and wood-destroying
fungi. For mold to colonize a material, parameters such as
moisture, temperature, ventilation, and exposure time are the
influencing factors determining the climate conditions under
which the mold growth occurs (Qiao et al. 2024).

Wang et al. (2018) stated that high relative humidities (RH)
ranging from 80% to 95% or even short-term wetting of timber
can lead to colonization by mold fungi (Schmidt and Riggio
2019), while Qiao et al. (2024) determined that most mold fungi
developed best under conditions with RH between 60% and
90% and temperatures ranging between 5°C and 35°C. They
also stated that temperature had less effect on the development
compared to the moisture content.

While mold does not measurably affect wood properties, it is
of concern because it can cause discoloration and is a potential
allergen (Imken et al. 2020; Wang et al. 2018).

Unlike mold, rot fungi reduce wood properties through cell
wall degradation (Imken et al. 2020). Exposure to moisture
and its accumulation can lead to decay, mold growth, structural
instability, and reduced indoor air quality (Wang et al. 2018;
Cowled et al. 2023). There is even a risk that components may
need to be completely replaced (Weinisch 2019). Hence, ensur-
ing the protection of timber construction is a challenging task,
requiring adequate moisture protection measures both during
construction and throughout the lifespan of the actual build-
ing (Tengberg and Bolmsvik 2021). In this regard, preventing

structures from becoming damp before completion and use is
of paramount importance. As Udele et al. (2024) point out,
this area has not yet been thoroughly investigated.

While the behavior of timber structures under the influence
of moisture has been well studied, there is very little research
dedicated to how in-situ moisture protection can be imple-
mented or has been implemented up to now. Schmidt and
Riggio (2019) found that the severity of exposure (e.g., free
water) was largely determined by precautions taken by the
designer and/or contractor. These precautions are influenced
by their awareness of the issue and potential solutions, as well
as by the construction system, schedule, and site conditions
themselves. Wang et al. (2018) pointed out that there are several
stages in wood construction where moisture ingress theoreti-
cally should not occur, but in reality, often does, resulting in
prolonged suitable conditions for fungal attack. This typically
happens because structural components are not yet operating
under the conditions for which they were designed (Schubert
et al. 2024)—for instance, in the absence of a completed roof
or before elements have been structurally connected. In ad-
dition, the building materials themselves are not yet in their
final state of use; for instance, concrete may still be curing
and can introduce further moisture into the structure. Also,
the protection of construction is closely related to a diversity
of factors, such as water absorption, entrapment, and drying
potential of the components (Wang 2015; Heinicke and Kehl
2024). Bolmsvik et al. (2023) conducted a case study on the
effects of full weather protection on construction, examining
moisture behavior, the likelihood of fungal growth, and its
impact on the work environment (Tengberg and Bolmsvik
2021). The entire site was fully covered by a tent offering
full weather protection, meaning that there was no exposure
to the weather except for sunlight that could shine through the
tent’s tarpaulin. They found that no samples inside the weather
protected area exhibited any mold growth, whereas 75% of the
samples outside the protection did. This led to the conclusion
that the implementation of full weather protection measures
can lead to a substantial reduction in the risk of fungal damage.

Various factors during the construction process may contribute
to an increase in moisture levels within a structure. These in-
clude insufficient ventilation, improperly planned or executed
joints, and excess water released during the hydration process
of floor slabs. Additionally, inadequate drainage due to rain and
other external sources can contribute to moisture accumulation.
It is widely acknowledged in the literature that wetting of timber
components due to exposure to free water during construction
is an issue of great importance (Kalbe et al. 2022; Heinicke
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and Kehl 2024; Schubert et al. 2024). However, researchers
have generally not agreed on how this should be dealt with.
In Germany, DIN 68800-2:2022-02 Wood preservation — Part
2: Preventive constructional measures in buildings states that
moisture content of timber should not change unfavorably
during transport, storage, or assembly (Glauner et al. 2022).
While the standard specifies that solid wood products are only
allowed to have a moisture content of less than 20%, timber
elements used in construction should not exceed a moisture
content of 18% (Schmidt 2023). This implies the application
of appropriate moisture control strategies throughout the con-
struction process, but leaves much room for interpretation.

One effective way to document the moisture behavior of a
building during the construction phase and beyond is to imple-
ment a monitoring system. This typically involves the use of
either capacitive or sorption-based measurement techniques
that directly (capacitive) or indirectly (sorption) measure wood
moisture content (Flexeder et al. 2022). However, there are
also a number of reasons why these systems are prone to error
(Schmidt and Riggio 2019). Sensors can be affected by tem-
perature and electromagnetic fields, as well as by losing contact
inside the borehole. In addition, factors such as condensation
or internal checking can also interfere with measurements, and
these issues are often difficult to identify or isolate in practice
(Schmidt and Riggio 2019).

Buildings in Canada and other regions have been equipped
with sensor technology to track the moisture dynamics of
mass timber components. These studies have shown that
cross-laminated timber (CLT) elements, especially, tend to
dry out much more slowly compared to how quickly they ab-
sorb moisture. This slow drying process can pose significant
challenges, particularly for components that become inacces-
sible after construction, such as floors with concrete screed
or encapsulated wall assemblies (Schmidt and Riggio 2019).

The aim of this paper is to provide insights into how moisture
protection is organized on German construction sites. It seeks to
contribute to the ongoing discourse about sustainable construc-
tion practices in Germany by addressing the significance of the
problem associated with inadequate on-site moisture manage-
ment. Proper moisture management throughout the building
process, implemented and anticipated by all involved parties,
will enhance durability, resilience, and long-term performance
of timber structures in diverse environmental conditions.

Materials and methods

The aim of this study was to gain an overview of the extent
to which contractors in Germany take weather protection into

account during the construction phase. Therefore, a mixed-
methods approach incorporating both qualitative and quanti-
tative elements was used, involving on-site visits during the
erection phase of timber construction projects. These visits
were conducted using self-developed protocols and photo
documentation. The observation checklist covered different
phases of the construction process and included yes/no ques-
tions, multiple choice, and open-ended questions. There were
two ways to complete the checklist: through direct observation
or by gathering oral input from participants, such as foremen,
architects, or craftsmen. This approach enabled direct observa-
tion and documentation of moisture mitigation practices and
the conditions within real-world construction contexts.

Before the site visits, plans were requested from the respec-
tive design offices. Specifically, inquiries were made regard-
ing everything related to moisture protection (e.g., planning
documents indicating the extent of involvement in moisture
protection and responsibilities, existing moisture protection
concepts), detailed execution from wall to ceiling and founda-
tion connections, as well as sections and views of the project.
These data inquiries allowed attention to be focused on potential
critical points during site visits. Anything that could not be
understood on this basis was then clarified in a meeting with
the foreman or site manager.

It was, however, not always possible to carry out moisture
measurements on the wood components. On the one hand,
access to the different sites was granted through different par-
ties. Sometimes the access was made possible by the timber
construction company, sometimes by the architect, and some-
times by the owner. This made it challenging to get permission
for conducting moisture measurements. On the other hand,
ensuring comparability would have required similar exposure
conditions for the components, multiple measurement points,
and repeated readings—ideally both before and after a rainfall
event. Because our visits were non-repeating and not part of
an ongoing monitoring program and the sites, systems, and
buildings varied greatly (including differences in weather and
season), we decided against moisture measurements.

The visits took place throughout Germany (Figure 1) when
timber elements were assembled. The diversity of sites, con-
struction methods, and handling practices observed allows the
findings to be considered representative of a broad range of
timber construction projects in the country. During each visit,
systematic photo documentation was carried out to record on-
site conditions and practices. The protocols were filled out to
record the workflow as well as data concerning the construc-
tion form, methods, and other relevant information. Site visits
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Figure 1. Map of construction sites visited. Map data © OpenStreetMap
contributors, ODbL (openstreetmap.org/copyright).

were conducted once during the assembly phase, provided at
least one of the following criteria were met:

a. The construction schedule was tight, the assembly process
extended, or installation pauses were necessary—conditions
under which exposure to rain was likely.

b. The project involved more than two residential units and/
or more than two stories.

c. Special moisture protection efforts were employed, such
as the use of a construction tent.

d. The construction was particularly sensitive to moisture, for
example, glue-free assemblies or components with finished
surfaces that are especially vulnerable to moisture exposure.

The protocols that were the primary data collecting instru-
ment comprised eight topics. The topics covered fundamental
aspects such as the building type, the place of prefabrication,
and the construction site (I). They also addressed storage and
shipping, focusing on how elements were transported, stored,
and protected during these phases, as well as any inspections
or tests conducted (II). Topics III to VI examined the struc-
tural system, the timber construction method, and the level of

prefabrication. Finally, topics VII and VIII discussed special
protection requirements and moisture mitigation concepts.

Every category (I-VIII) of the protocols was specified by
subcategories This paper solely focuses on categories VII and
VIII (Figure 2).

The data were analyzed to identify patterns, trends, and com-
mon practices in moisture protection during the assembly of
timber construction. The protocols were designed to evaluate
the extent to which the strategies were planned and executed.

In most cases, craftsmen were either not informed by their
supervisors or unaware of the research objectives, and thus did
not realize that moisture protection practices would be assessed.
Consequently, it can be assumed that the sites were neither
tidied up to create a better impression, nor did the craftsmen
change their behavior concerning the handling of the elements.

Results and discussion

The findings presented in this article represent only the pre-
liminary results of an ongoing investigation.

Assessment overview

The primary question when assessing construction sites in
view of moisture protection was whether a clear and structured
concept was evident or if the installation followed no discern-
ible plan regarding weather protection.

Prior to the site visits, the building plans were thoroughly re-
viewed to determine whether weather protection measures had
already been incorporated in the detailed planning phase. This
preliminary step allowed for the completion of a significant
portion of the assessment protocol in advance. Subsequently,
the protocols were filled out according to the established order.

Through this assessment, insights were gained into the inte-
gration of protection measures within planning and execution,
highlighting potential risks and best practices concerning
moisture management throughout the construction process.

The assessment during site visits covered several fundamental
and practical aspects relevant to moisture management and
construction quality:

e General exposure risks: Evaluation of the construction
method, where and how timber elements were at risk of
moisture exposure, including the division of the site into
construction phases to promote safer and more efficient
substructures.

* Storage methods: Review of the different storage
solutions. This included storage of components before
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I Fundamentals

- Building type

- Manufacturer

- Quality management systems in use
- Distance from production to site

1I Storage and Shipping

- Storage before and after shipping

- Moisture protection systems in use
- Means of transport

- Protection during unloading

- Pre-installation inspections

III Timber Connected to Lowest

IV Structural System
- Skeleton framing

- Modular construction
- Panel structure

V Timber Construction System

- Timber frame

- Massive timber

- Beams and columns
- Hybrid structures

- Wall-to-ceiling transition
- Assembly sequence
- Assembly aids

VI Level of Prefabrication

- Walls (interior and exterior)
- Ceilings
- Roof elements

I

VII Special Protection Needs

- Walls (interior and exterior)
- Double-Wall Construction

- Ceilings

- Roof elements

- Beams and Columns

VIII Moisture Mitigation Concept
for Assembly

Level

- Lower supports
- Connection execution
L

Figure 2. Site assessment protocol design.

and after transportation, including placement, elevation, and
covering of materials to protect them from direct exposure
to moisture. In addition, attention was paid to whether
secondary materials, i.e., materials that were to be laid in a
further work step, could hinder further protective measures
due to their placement. For example, a pallet of bitumen
sheets was placed on the roof without temporary weather
protection underneath (Figure 3). That made it considerably
more difficult for the craftsmen to carry out the protective
measures before the roofer arrived. No crane was available

- Structural protection concept

- Component protection concept
- Gaps in protection concepts

- No protection

at the later stages, so part of the roof stayed exposed to rain,
which led to increased moisture levels in the connection
joints of the ceiling components.

Adapting the installation conditions to the weather:
Analysis of how the sequencing of key tasks aligned with
the weather, and whether unfavorable timing could increase
risk of moisture ingress.

On-site handling of timber elements: Observation of how
timber components were transported, unloaded, and moved

Figure 3. Storage of construction materials for the roof prevented the implementation of temporary weather protection measures (author photograph).
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around the site, with emphasis on practices that minimized
surface wetting or damage. A typical question was whether
or not the components were temporarily stored on the
construction site or whether they were installed directly
after shipment. Poorly planned or executed storage of
construction components not only leads to a loss of quality
during rainfall events, but also causes the entire construction
site to become disorganized and cluttered (Figure 4). This
can result in delays and errors.

Presence or absence of protective measures:
Documentation of weather protection strategies in use.
Were weather protection strategies such as tents, tarpaulins,
or temporary covers visible? This included identification
of areas lacking adequate safeguards. These areas could be
present because the work in question was either not (yet)
carried out or not planned. Furthermore, it was necessary to
evaluate whether protective measures for the components
were carried out, even if these had not originally been
included in the planning.

Protection during lifting and installation: Assessment of
procedures used when lifting and installing timber elements,
ensuring these steps did not compromise material condition
or introduce unnecessary moisture risks.

Communication and awareness: Evaluation of the level
of site awareness and communication regarding moisture-
sensitive procedures, as well as training and involvement
of all parties in maintaining protective measures.

This approach provided a comprehensive understanding of
both planned and actual site practices, highlighting strengths
and identifying potential areas for improvement in moisture
protection and project execution.

Results

For this evaluation, protocol numbers VII and VIII were ana-
lyzed along with the documents provided by the planning
offices. Subsequently, the photographic documentation was
examined and included into the gatherings. As a result of this
analysis, the scope of this examination does not include the
entire process of manufacturing, storage, and shipping.

Actotal of 27 sites from different companies and design offices
were evaluated. Identifying suitable sites for this research has
presented a considerable challenge. Even though larger net-
works were willing to facilitate connections with their members,
many larger timber construction companies appeared hesitant
to permit external analysis of their projects. This reluctance
may stem from concerns about disclosing operational ineffi-
ciencies or potential weaknesses, as well as a desire to protect
competitive advantages by withholding insights into effective
work strategies. Despite repeated inquiries, it often seemed
that these companies sought to avoid the scrutiny associated
with having their practices documented and evaluated. On the
other hand, when we did gain access to sites, it was evident
that, in numerous cases, the construction teams themselves
did not appear particularly concerned about potential issues.

Figure 4. Disorganized construction site, inappropriate storing of mass timber elements (author photograph).
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The on-site visits revealed a gap between problem awareness
in the scientific community and the handling of components
by the executing companies on site. It was striking how little
attention was given to the possible consequences of inadequate
or missing moisture protection measures, suggesting either a
lack of awareness or a lower priority being placed on these
critical aspects of construction. Structural-specific moisture
protection, as discussed by Heinicke and Kehl (2024), seemed
to be rare in Germany, as no construction sites with such a
concept were found in this study. All sites that exhibited any
form of conceptualization used the component protection
concept (Heinicke and Kehl 2024).

Figure 5 summarizes a portion of the research results to date.
It categorizes the sites based on the data evaluated. The evalu-
ation aimed to identify where along this spectrum a site has to
be located, with the following categorization:

* No concept: This refers to an absence of identifiable
moisture protection strategies, resulting in a lack of logical
order in the measures taken. For example, many sites used
prefabricated CLT elements for ceilings that came with
fully bonded membranes already applied at the factory,
allowing for easy ordering from the manufacturer. However,
if no additional measures were implemented to effectively
manage and divert water away from the structure, it cannot
be classified as a cohesive concept. Also, if these components
with unprotected narrow sides were stored directly on the
ground or left exposed to weathering without additional
shielding, this demonstrated inadequate moisture protection.
Proper intermediate storing measures are essential for
preventing wetting and ensuring that the construction aligns
with a comprehensive water management approach.

¢ Planned but not implemented: Analysis of the documents
may reveal a defined concept through precise measures that

were not applied on site, whether due to oversight, practical
challenges or simply being overlooked. Non-application
indicates a disconnect between planning and execution. The
plans may showcase a clear strategy and a commitment to
high-quality processes, yet the necessary information or
the urgency to implement the measures was not effectively
communicated from management to the installation team.

For practical reasons or due to the sequence of work, there
may be a bridging phase during which the measures cannot
be carried out on site. (It is possible that there were time
slots in which the elements were assembled; however,
further application of measures had yet to be undertaken.).
Nevertheless, it can be stated with certainty that in the
absence of the prescribed measures for the site, there was
a gap between the planned and actual outcomes. During
a site visit where assembly had already progressed to the
third and last floor, it quickly became apparent that not a
single moisture protection measure intended in the planning
to secure the intermediate construction stages had been
implemented, apart from the application of membranes
by the manufacturer in the factory.

Although the ceiling element joints had been sealed to
create a tight ceiling slab, water had intruded through the
joints and stained the construction below. Additionally, the
components had been improperly stored on the ground. By
the time of the site visit several weeks of unsettled weather
had passed, including heavy rain events, during construc-
tion from the ground level to the third floor.

Gaps in concept: Indicated partial implementation, where
certain aspects of moisture protection were in place, but
significant areas of the construction were neglected. For
instance, the lack of planned drainage for the ceilings
throughout the entire building demonstrated a lack of
comprehensive consideration for moisture management.

2021 2023 2024 2025
Site Nr. 1 2 3 4 5 6|7 8 9 10 11 12 13 14 15(16 17 18 19 20 21 22 23|24 25 26 27| I: %
§ = No concept X X X X X X x| 7 |25.93
35 0
= (Pl d but not
g g|rennedbutne X x X 3 [11.11
S = (implemented
g 2
z° = Gaps in concept X X X X X X X X X 10 |37.04
Full concept X X X X X X X X 8 |29.63
Particul !
a I.c? el e:.(l X X X X X X X X X X X X x x| 14 [51.85
sensitive construction
Simplified/resilient
. X X X X X X 6 [22.22
construction

Figure 5. Breakdown of projects following evaluation of overall moisture protection during construction.
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This must be distinguished from accidentally forgotten
work steps, which naturally arise during execution, whereas
in our case, the lack of drainage reflected a deficiency in
planning-compared to a single, unconnected drainage pipe.

e Full concept: This referred to a clearly structured and
fully implemented moisture protection strategy. Each
element followed a precise scheme, leading the water away
from the structure. This ensured that water was captured,
collected, and diverted, with all components protected from
moisture intrusion throughout the installation process. The
pathway for water was clearly defined at all times, ensuring
comprehensive moisture management. The categorization
was a structure based on organizational effort. Ultimately,
moisture protection is a necessary organizational task that
must be ensured by planners and producers. These three first
rows and up to the sum of projects with: “No continuous
protection”. These were contrasted with sites where clear
strategies were evident throughout the building process,
labeled as “Full Concept”.

To ensure comparability between construction sites, it was cru-
cial to consider both conceptual differences and the complexity
of'the respective building projects. This approach was reflected
in the last two rows of the table shown in Figure 5 (highlighted
yellow), which categorized the sites into three groups:

e Particularly complex/sensitive constructions: Projects
involving intricate or delicate structures that required
enhanced protective measures during the construction
phase to mitigate risks from environmental exposure. For
instance, a hybrid ceiling constructed on site introduced
specific challenges. The need to wire and place iron for
concrete extended exposure times for walls beneath the
ceiling to wind and weather. This contrasted with simpler
scenarios, such as assembling prefabricated CLT elements,
where the exposure period was significantly shorter.

e Simplified/resilient constructions: These projects
were inherently robust or featured a lower degree of
prefabrication, reducing their vulnerability to damage from
rainwater. Such sites often demanded fewer resources for
protective measures.

* Ordinary constructions: These were sites that fell between
the extremes of complexity and simplicity or sensitivity
and robustness. While they still required adequate moisture
protection, the necessary measures aligned with standard
practices rather than demanding extraordinary effort.

Figure 5 specifically highlights only the first two groups; the
third group, ordinary constructions, is not explicitly shown.
These sites were considered the residual category, encompass-

ing all remaining projects after subtracting those classified as
particularly complex or simplified. Their inclusion provided
a holistic understanding of the spectrum of construction chal-
lenges and protection requirements. Classifying construction
sites into these three groups made it evident that the level of
protective effort required varied significantly based on the
nature and complexity of each project. This classification
highlighted the importance of tailoring moisture protection
measures to the specific demands of each site.

Less than one-third (29.63%) of all sites had sufficient moisture
mitigation practices and a complete concept. This means that,
in the event of rain, the components were protected at every
stage of construction, with the only exception being during
their relocation by crane (Figure 6). This meant that a clear
strategy of how the water was collected and diverted away from
the structure was evident in the event of rain. There was no
systematic gap where water could intrude on the construction
other than by excessive rain events that could not be covered by
state-of-the-art component protection measures. As Bolmsvik
et al. (2023) highlighted, addressing this and other issues like
crane relocation of elements, on site storage, wind deflection,
or temperature control issues required a comprehensive struc-
tural protection concept. Interestingly, all of the sites found to
have sufficient control over their processes had to deal with
either particularly complex or vulnerable constructions. This
included an office building constructed entirely with dowel-
laminated timber (DLT), a method in which wooden panels are
assembled using dowels instead of synthetic adhesives. Here,
even minimal contact with moisture would automatically lead
to warping and dimensional changes in the panels. It seems
that the companies aware of the issue of moisture protection
were developing greater expertise in handling such challenges.
With growing awareness and skill, they may have felt more
confident in tackling larger-scale or more complex projects.
It could also be that these companies had previously faced
moisture-related problems and were now more determined to
prevent such failures in the future.

In 70.37% of projects, no continuous moisture protection was
implemented. This meant that one of three situations existed:
the planner did not include temporary moisture protection in
the construction phase planning, the contractors on site did
not recognize the need for moisture protection for building
components, or the approach used did not cover all phases or
did not include all parts of the construction.

Of the 70.37% (19 sites), 31.5% (6 sites) represented com-
plex projects, of which only half (3 sites) had any conceptual
approach. In 11.11% of cases, a specific moisture protection
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Figure 6. Element relocation by crane (author photograph).

strategy was planned for construction but somehow not ex-
ecuted. However, it does not seem that a connection existed
between complexity and the enforcement of a planned concept.
To draw any conclusions in this direction, further and more
sophisticated studies would be needed, addressing more rel-
evant factors and examining additional sites. Different reasons
for the occurrence could, however, be found. In one instance,
it was unclear what during erection led to the decision against
implementing the planned measures. In another case, it was the
lack of awareness regarding the conditions under which these
specialized timber products could be used that contributed to
the issue. In yet another case the responsibility for applying
moisture protection was delegated to the client, who lacked
the necessary expertise to implement a comprehensive protec-
tion strategy.

Two-thirds (66.67%, full concept + gaps in concept) of cases
were found to have concepts in place, yet more than half of
these concepts were incomplete by missing important compo-
nents. This indicated that while moisture protection strategies
were present in many cases, their implementation was often
insufficient or incomplete. Further research and efforts, such as
enhanced education, are necessary to ensure that future efforts
are fully realized and effectively integrated into construction
practices. Figure 7 shows a three-story semi-detached house
with a low level of prefabrication. The concept involves fully
covering all horizontal components. While the interior was
sealed to prevent moisture from entering the cavities, the
exterior was left open. This construction method requires a
schedule that allows for drying measures before insulation is
installed. Drying is possible due to the simplicity of the con-

Figure 7. Incomplete protection with possible entrapment of moisture (author photograph).
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struction. Particularly critical in this case is the formation of
troughs (red arrow) on one side of the structure to enable the
waterproofing of the flat roof at the required height. Rainwater
(during construction) not only drains poorly there but can also
easily accumulate, while at the same time the moisture content
is almost impossible to monitor.

As many as 25.93% of the sites surveyed to date had no sys-
tematic protection against moisture intrusion during assembly.
Only two of these (seven in total) were especially simplified
and resilient.

Until recently, timber construction in Germany was mainly
limited to single-family or semi-detached houses. These proj-
ects were often completed within a “Schonwetterfenster”—a
period where weather conditions were predictable and favorable
for construction. This allowed for efficient execution within
a narrow timeframe. However, the shift towards larger-scale
timber construction projects, which demand extended assembly
times, makes this approach less viable. There is a possibility
that the mentality of adjusting construction schedules to the
weather may not be as deeply ingrained in the minds of some
workers. Larger and more complex projects requiring sig-
nificantly longer assembly times mean that it is no longer an
option to follow the same weather-dependent work patterns.
The transition to larger projects with extended timelines may
be presenting challenges for some workers, who are not yet
accustomed to the level of planning and prolonged schedules
these projects necessitate.

Conclusions

Our findings highlight the need for comprehensive moisture
management in timber construction, from design to construc-
tion, to reduce the risk of decay, mold growth and structural
instability. The number of uncontrolled situations, with con-
stantly changing building standards and new requirements for
quality and durability, make it clear that a new awareness and
greater efforts are needed in the area of moisture protection.
This research showed that timber construction is more than
solely building with non-fossil materials, but a completely
different approach to building.

While progress has been made, with some projects demon-
strating robust moisture protection practices, a large portion of
projects still lack adequate measures. Addressing these gaps
will require a collaborative effort among designers, contractors,
craftsmen, and the education sector to ensure that effective
moisture protection strategies are integrated into every phase

of wood construction. This collaborative approach is essential
to overcoming existing challenges, as it allows for a more ho-
listic understanding and application of construction methods,
reducing the risk of moisture damage and ensuring the long-
term durability of timber structures. Education plays a vital
role in this process, as increasing awareness and knowledge
among all stakeholders, from architects to builders, can help
implement strategies that are tailored to the unique demands
of timber construction.

In conclusion, ongoing research and industry efforts are cru-
cial to enhancing moisture protection practices in wood con-
struction, promoting more sustainable and resilient building
practices that maximize wood’s potential as a renewable and
durable material.
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Abstract: Wood is preferred as a building material due to its high strength, low weight, and ability to retain
many of its properties even at moderately high temperatures. However, numerous wood adhesives lose strength
as the temperature increases, especially around 200°C. This study examined bond strength at temperatures above
that required for initiation of wood degradation for bonds of wood-to-wood and wood-to-aluminum using two
oil-based adhesives (resole phenolics and epoxies) and two bio-based adhesives (soy protein isolate and ovalbumin
from egg whites). The phenolics not only gave the best strength in the wood-to-wood bonding, but also in the
wood-to-aluminum bonding. The second best were the protein adhesives, and the epoxies were the weakest.

This research reinforces the use of phenolic adhesives for wood exposed to high temperatures.

Keywords: Wood bonding; High temperature; Phenolic; Protein; Epoxy; Aluminum.

Introduction

For efficient use of wood resources, many wood manufacturers
bond smaller wood elements (veneer, strands, particles, and
fibers) to make useful larger wood assemblies (composites,
various types of beams, and cross-laminated timber) (Frihart
and Hunt 2010). Composite wood products need to resist bond
failures to maintain structural integrity during extreme events
for a sufficient time to allow people to escape injury or death.
Heat resistance of wood bonds has been an ongoing issue (Yeh
and Brooks 2006), whether it is the creep of structural bonds
in hot and humid locations (ASTM 2011) or fire resistance
(ANSI/APA PRG 320). For nearly half a century, the adhesives
used in laminated wood products such as structural glulam
were primarily phenol resorcinol adhesives that maintained
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bond integrity even when subjected to moisture and fire. The
proliferation of mass timber products such as cross-laminated
timber (CLT) over the last two decades, however, has resulted
in the development of new adhesive formulations that facili-
tate the production of large-scale structural wood panels. The
introduction of these new adhesive formulations has led to the
development of new timber product standards and fire testing
procedures. Recent research has focused on large-scale tests on
thicker wood members (Zelinka et al. 2018), and the ANSI/APA
PRG 320: Standard for Performance-Rated Cross-Laminated
Timber standard requires full-scale fire qualification testing
(ANSI/APA 2018). Because qualification testing at full scale is
costly, Miyamoto et al. (2021) and Zelinka et al. (2020a) have
demonstrated the validity of small-scale testing for precursory
evaluation of adhesive performance at elevated temperatures.

One area not investigated is the resistance to elevated tem-
perature of bonded thin veneers. Thin veneers are bonded into
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products such as laminated veneer lumber (LVL) and plywood,
both of which are produced at many scales, including mass
timber panels that are comparable to the sizes of CLT. We used
an economic small-scale apparatus (ASTM 2020) to address this
gap in the literature by testing the strength of both bio-based
and synthetic adhesives at temperatures above where wood
starts to degrade. The adhesives were evaluated to determine
if the thermal degradation of the wood caused the adhesive to
de-bond or if the adhesives prevented the veneers peeling off
prior to complete degradation of the veneer layer (Poletto et
al. 2012). We also tested the wood bonding to aluminum under
the same conditions, because aluminum is used in furniture,
sporting equipment, and vehicular components. Especially in
sporting and transportation applications, laminates need to be
lightweight, which adds additional performance criteria for
the adhesive. Bonding lightweight aluminum alloys to wood
veneers with high strength-to-weight ratios is desirable, yet
challenging because of material dissimilarities in porosity,
thermal expansion, stiffness, moisture content, and chemical
composition, among many other factors that potentially affect
bond quality.

Aluminum-to-wood bonding is an area of particular concern
with phenolics, which do not normally adhere to the metal
platens in the pressing of composites. Historically, aluminum-
to-wood bonding was investigated by the USDA Forest Service
Forest Products Laboratory (1964) at a time when aircraft
structures were made primarily from timber materials. Eickner
et al. (1955) directly bonded 5-ply, birch-veneer plywood to
aluminum alloy using several different adhesives and processes
and tested the lap joints via 10 million cycles of prying to assess
fatigue resistance. Black and Blomquist (1959) investigated the
thermal degradation of various adhesives bonded to aluminum
and stainless steel. Since these studies, new formulations and
testing methods have been developed, which led to this current
comparison of phenolic, epoxy, and bio-sourced adhesives.

The need to withstand high temperatures (such as 250°C)
drastically limits the types of adhesives that can be used
and eliminates adhesive types known for their mechanical
or chemical thermal instability at higher temperatures: most
polyurethanes, melamine-urea-formaldehyde, polyvinyls,
and hydrocarbons (Liu et al. 2020; Zelinka et al. 2020b; and
Miyamoto et al. 2021). This narrowed down the selection to
three types that are known to have good heat resistance: pheno-
lics, proteins, and epoxies (Frihart 2013). Phenolics are widely
used in structural wood bonding because of their durability and
heat tolerance. Proteins are not widely used in wood bonding

mainly because of their limited moisture resistance and cost;
however, they have long been used in wood fire door applica-
tions. Epoxies are not normally used in wood bonding, except
in repairing delaminated wood beams and repairing spots of
wood decay. Their advantage is that they are gap filling, and
some formulations can bond at room temperature, but outside
of wood applications, they are widely used for their durability
and heat resistance.

Therefore, the objective of this study was to test the strength
of both bio-based and synthetic adhesives at temperatures
above where wood starts to degrade with wood-to-wood and
wood-to-aluminum bonding.

Materials and methods

Specific adhesives were selected for minimal wood void filling
to keep the bonded product weight low (Table 1). Glass Bubbles
K15, which are hollow spheres of glass of 60 n, were obtained
from 3M™ (Minneapolis, MN) and added to the adhesives to
reduce weight and density at 5%, 10%, or 20% of total solids.

The resoles and epoxies were used as received. The soy protein
isolate (SPI, PRO-FAM™ 974) was from ADM (Decatur, IL),
and the egg white (dried egg whites, H-40) was from Ballas
Egg Products Corp. (Zanesville, OH). The protein adhesives
were prepared by dissolving them in water at the concentra-
tions specified and stirring until they were well mixed. The
resoles were proprietary commercial aqueous PF adhesives
with minimal wood penetration obtained from a major wood
adhesive producer, stored at 5°C, and used within a month,
according to the manufacturer’s instructions. The epoxies were
all selected because they were recommended as heat-resistant
adhesives or had been previously tested for good wood bonds,
and they were mixed with curing agents according to the
manufacturers’ instructions. Because the different types of
adhesives interact differently with the wood surface and cure
differently, the bonding conditions are discussed in the results
and discussion section.

Veneers from five wood species, bigtooth aspen (Populus
grandidentata), yellow birch (Betula alleghaniensis), cherry
(Prunus spp.), red maple (Acer rubrum), and yellow poplar
(Liriodendron tulipifera) were obtained from Great Lakes
Veneer (Marion, WI). The veneers were cut into 117 mm x
20 mm x 0.8 mm thick pieces. Aluminum pieces of 117 x 20
x 0.8 mm were cut from sheet stock. Half of the aluminum
specimens were lightly sanded with medium grit sandpaper.
To make a specimen, 5—10 mg of an adhesive was applied to
the end of a piece of veneer and a second piece of veneer was
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Table 1. List of adhesives evaluated for bonding wood and aluminum ABES samples.

Adhesive Adbhesive type and label Details
PF 1 Resole phenol-formaldehyde Concentration of 43.1% solids obtained from a commercial phenolic producer (Aqueous)
PF2 Resole phenol-formaldehyde Concentration of 42.3% solids obtained from a commercial phenolic producer (Aqueous)
Epoxy 805 Aremco Products Inc (Valley Cottage, NY)
Epoxy 526N Aremco Products Inc (Valley Cottage, NY)
Epoxy 2335 Aremco Products Inc (Valley Cottage, NY)
EPON 162 Hexion (Houston, TX)
EPON 862 Hexion (Houston, TX)
D.E.R. 331 OLIN (Clayton, MO)
SP1 974 PRO-FAM™ 974 Soy protein isolate (SPI) from Archer Daniels Midland Company (Decatur, IL)
H-40 Egg white H-40 Ballas Egg Products (Columbus, OH)

Heated pressing function

Adherend strips: Controlled pulling action

Load measuring  Automated gripping é? 117 mm x 20 mm % 0.6—0.8 mm:
device acion bond overlap of 5 mm
L | I
= — =i K
Optional
? retractable
na fundti
sample limit stop ? cooling function

Figure 1. Schematic of the bonding and ABES testing system.

placed over the adhesive, resulting in a 5-mm overlap (Figure
1). The specimens were bonded at 120°C or 150°C for 120 s
at 0.2 MPa using the ABES method (ASTM 2020) and tested
the next day to ensure that the adhesives were fully cured. The
ABES (Automatic Bond Evaluation System) from Adhesive
Evaluation Systems, Inc. (Corvallis, OR) is an apparatus that
can bond small samples and test them in a relatively short time.

The ABES test method was used for several reasons. The thin
veneer ensured rapid heat transfer to the bondline both in the
bonding step and 250°C heat treatment for 100 s. Good tem-
perature and time control ensured repeatability in the bonding
and heat treatment steps. The platens attain the higher tempera-
tures for testing the heat resistance of the bond and the wood
is degraded only near the bonded area. As soon as the platens
are retracted, the tensile force is applied, with the bond still at
the elevated temperature, and the force required to break the
bond is measured in Newtons at the factory setting of 15 on
the pull rate control (no unit specified). Using a smooth veneer
ensures consistent testing of the bondline strength. The ABES
instrument as described in ASTM D-7998-19R24 (ASTM
2024) is illustrated in Figure 1, and the procedure is described
in detail (Frihart and Lorenz 2020). The small mass of wood

and large mass of the platens assured that the bondline reached
the set temperature quickly, as 0.2 MPa pressure was applied to
the bondline. Five replicates were run for each test condition,
and the mean and 95% confidence interval were calculated
for each condition. The ABES is only a screening tool for
eliminating the poor performers and not for setting the final
adhesive formulations for production of full-scale laminates.

Results and discussion

Four important properties of the adhesives considered are that
they need to bond wood laminates with minimum penetration,
produce heat resistance bonds to 250°C, adequately bond with
added glass bubbles to reduce the density and amount of adhe-
sive used, and bond to aluminum. Wood is a porous material;
thus, penetration of the adhesive is required to create strong
bonds through mechanical interlock. In making lightweight
products, a strong surface bond with minimum penetration is
required, since the adhesive is much denser than the displaced
air in the wood voids. Wood penetration can be judged by visual
and microscopic examination of crosscut samples (Hare and
Kutscha 1974). In this study, whether the bond failed because
of wood or adhesive failure was not determined, because the
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surface area of the bond in ABES testing is too small to identify
and measure a definitive mode of failure.

Because the ABES data below are for screening purposes for
the best wood species and adhesive formulation, the statisti-
cal differences were not examined by analysis of variance
(ANOVA) and post-hoc tests. Instead, adhesive and veneer
selections were made only when there were large and consistent
differences apparent in graphs comparing the mean and error
bar plots of bond strength at elevated temperatures. Although
bond strength is critical, other factors like low adhesive ap-
plication rates, resistance to peeling of thin veneers on heating,
and availability of a consistent wood source were considered.
Generally, bonds that exhibited the least change in strength
at elevated temperatures, relative to room temperature, were
considered top performers.

Phenol-formaldehyde adhesives

Phenol-formaldehyde (PF) adhesives are among the strongest
and most durable wood adhesives that are often formulated as
low molecular weight oligomers to improve penetration of the
cell lumens and the cell walls for more water durable bonds
(Frihart 2009). The two proprietary commercial aqueous resole
PF adhesives (labelled PF 1 and PF 2) were bonded at 120°C
using all five wood species and, in some cases, with glass
bubbles added to reduce the adhesive density. The strengths
at 21°C and after heating for 100 s at 250°C, without and with
5% glass bubbles, are provided in Figure 2. The strengths were
similar for all the veneers, except for the cherry at 250°C. Even
though the high temperature tests were above the tempera-
ture for the initiation of wood decomposition, there was no
delamination in any of the samples at 250°C during the short

hot-testing conditions. The 250°C test results were generally
significantly lower than the 21°C test results, without and with
the addition of glass bubbles, but these differences did not ex-
ist in every case. Significant differences were considered for
conditions showing non-overlapping 95% confidence interval
bars. The greater differences in the temperature effect on the
cherry compared to the other species could indicate a greater
heat sensitivity of this species.

Wood is often used because it is strong for its weight, but the
adhesive has a higher density than the wood. Thus, low density
glass bubbles were added to the PF 1 adhesive at 10% and
20%, in contrast to the 5% added previously. The bond shear
strength decreased somewhat, and with 20% glass bubbles, this
PF was very thick and difficult to spread on the wood. There
was no delamination at 250°C, but the glass bubbles did not
show any reinforcing effect leading to higher strength (Figure
3). At this point, the yellow poplar was selected based on its
relative low density, greater uniformity, and high strength
as the wood species to use beyond the preliminary test with
each adhesive.

PF 1 (43.1% solids) was used to bond yellow poplar at 150°C,
which is a more optimum temperature for bonding the PF
adhesives (according to the manufacturer’s guidelines), to
compare with the samples bonded at 120°C. The 120°C was
considered less promising for some applications due to it being
difficult to attain in some pressing processes, especially for
thicker plywood, which needs higher platen temperatures for
all the bonds to reach this temperature. In Figure 4, the bond
strengths tested at 21°C were 40% higher when bonded at
150°C, although the strengths tested at 250°C did not increase.
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Figure 2. Room temperature (21°C) and high temperature (after 250°C heating for 100 s) bond shear strength of phenolics on five different wood species, without or
with 5% glass bubbles, bonded at 120°C for 120 s using ABES. The values are the average of five replicates, and the error bars represent one standard deviation.
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Figure 3. Room temperature (21°C) and high temperature (after 250°C heating
for 100 s) bond shear strength of PF 1 with 5%, 10%, or 20% glass bubbles
(gb) added, on yellow poplar bonded at 120°C for 120 s using ABES.
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Figure 4. Room temperature (21°C) and high temperature (after 250°C heating
for 100 s) bond shear strength of a phenolic on yellow poplar bonded at 120°C
and 150°C for 120 s using ABES. The values are the average of five replicates,
and the error bars represent one standard deviation.

Based on the results, we supposed that the adhesive is partially
cured at 120°C and fully cured at 150°C, before reaching the
250°C test condition.

Proteins

In addition to the commercial phenolics that did very well as
high temperature adhesives in the ABES tests, protein and
epoxy adhesives were also studied. Protein adhesives were

widely used for wood product assembly, including in fire
door applications that continue today, until the introduction
of synthetic adhesives that have better water resistance gained
broader industry acceptance. Soybean proteins were the main
commercial adhesives, but the ovalbumin from egg whites is
also a good wood adhesive (Frihart and Lorenz 2018; Lorenz
and Frihart 2023). Of the three adhesive types considered,
the only fully bio-based option is protein adhesives. These
adhesives come as powders and are dispersed in water at room
temperature just prior to use.

A commercial soy protein isolate (SPI) was tested at 20% sol-
ids, which was a thick paste. As shown in Figure 5, the bond
shear strengths at both 21°C and 250°C were similar for all
the veneers, without and with 5% glass bubbles (based on the
weight of soy solids). There was no delamination at 250°C of
the SPI bonds, but their higher temperature bond strengths were
considerably lower than those for the PF adhesives. The lower
strength at higher temperatures may be due to less adhesive
in the glueline (adhesive layer between the wood surfaces),
since the solids content of the SPI adhesive was dramatically
lower than the PF adhesive, at 20% versus 43%, respectively.

An egg white adhesive was tested at 50% solids, which was a
thick liquid, but still pourable. In Figure 6, the bond strengths
at both 21°C and 250°C were similar for all the veneers (except
for the cherry), without and with 5% glass bubbles (based
on the weight of egg white solids). There was no delamina-
tion at 250°C of the egg white bonds, and their 250°C bond
strengths were above those with SPI and close to those with
the PF adhesives, with cherry again providing lower strength.

Because of the low viscosity of the egg white dispersion, com-
pared to the soy protein, glass bubbles were added to the egg
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Figure 5. Room temperature (21°C) and high temperature (after 250°C heating for 100 s) bond shear strength of soy protein isolate on four different wood species, without
or with 5% glass bubbles, bonded at 120°C for 120 s using ABES. The values are the average of five replicates, and the error bars represent one standard deviation.
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Figure 6. Room temperature (21°C) and high temperature (after 250°C heating for 100 s) bond shear strength of egg whites on five different wood species, without
or with 5% glass bubbles, bonded at 120°C for 120 s using ABES. The values are the average of five replicates, and the error bars represent one standard deviation.
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Figure 7. Room temperature (21°C) and high temperature (after 250°C heating for 100 s) bond shear strength of egg white adhesive with high amounts of glass bubbles

(gb) on yellow poplar bonded at 120°C for 120 s using ABES.

white adhesive at 10% and 20% to compare with 5% added
previously. The bond strength was about the same (Figure
7). With 20% glass bubbles the egg white was very thick and
difficult to spread on the wood. There was no delamination
at 250°C.

Although the protein adhesives performed sufficiently well
in this application, the bonds at 250°C were lower than those
of the phenolics. However, they could be suitable, with egg
whites as the best option, if a bio-based adhesive was a neces-
sary requirement.

Epoxy adhesives

Epoxies are well known as heat resistant adhesives and are
widely used for bonds involving metals, composites, and other
substrates involving high temperature applications. However,
their use in wood bonding has been limited to specialty appli-
cations, such as bonding of wooden boats and aircraft, as well
as for the repair of degraded, bonded wood products, because

of their room temperature-curing and gap filling properties. An
advantage of the epoxies is that they are usually not solvent-
or water-borne; thus, there is no need to remove these liquids
during the bonding process.

Most of the heat-resistant epoxies require bonding conditions
at higher temperatures than are useful for wood and produce
heavier weight gluelines than preferred. Of potentially useful
epoxy adhesives, the most suitable were 805, 526N, and 2335
from AREMCO; these were tested as received and mixed
according to the manufacturer’s recommended ratios. The
recommended cure schedules involving several hours at two
different temperatures were not practical for the required
veneer assembly and testing with ABES in 120 s, so bonding
was tested at the recommended maximum temperature and
adjusted depending on whether there was adequate bonding.
Because of the porosity of wood, the 24 h at room temperature
step was not used to avoid selective migration of adhesive
components into the wood of the more polar curing agent,
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which would have resulted in the wrong ratio for curing. The
bond strengths at both 21°C and 250°C were similar for all
the veneers, without and with 5% glass bubbles (based on
the weight of the epoxy), as shown in Figure 8. There was no
delamination at 250°C with any of the epoxies. At this point,
the cherry had been dropped due to its poor performance with
the other adhesives.

The recommended epoxy 805 cure schedule is room tempera-
ture for 24 h and then 93°C for 2 h. The bonding temperature
had to be increased to 120°C for adequate bonding in 120 s.
With 5% glass bubbles added, the adhesive became difficult to
stir in about 20 minutes, and almost impossible to spread on
the wood, which is why this data is not available for the last
samples bonded, the yellow poplar and red maple.

The recommended epoxy 526N cure schedule is room tempera-
ture for 2 h and then 93°C for 2 h, cool to room temperature,

then 163°C for 2 h. The bonding temperature had to be increased
to 178°C for adequate bonding in 120 s. With 5% glass bubbles
added, the adhesive became difficult to stir and spread on the
wood after about 2 h. This adhesive provided adequate bond
strength at 250°C, without and with glass bubbles (Figure 9).

The recommended epoxy 2335 cure schedule is 93°C for 2 h
plus 177°C for 2 h. Bonding at 177°C resulted in good bonding
in 120 s (Figure 10). With 5% glass bubbles added, the adhesive
became difficult to stir and almost impossible to spread on the
wood after about 2 h, which is why the data is incomplete for
the aspen, the last samples to be bonded.

The epoxies above were selected because of their recom-
mended heat resistance, but are not usually used for wood
adhesion. Three additional epoxies, typically used for wood
adhesion in marine and aircraft applications, were tested. The
three epoxy adhesives (EPON 162 and 862 from Hexion, and
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Figure 8. Room temperature (21°C) and high temperature (after 250°C heating for 100 s) bond shear strength of epoxy 805, without or with 5% glass bubbles, on
four different wood species bonded at 120°C for 120 s using ABES. The values are the average of five replicates, and the error bars represent one standard deviation.
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Figure 9. Room temperature (21°C) and high temperature (after 250°C heating for 100 s) bond shear strength of epoxy 526N, without or with 5% glass bubbles, on
three different wood species bonded at 178°C for 120 s using ABES. The values are the average of five replicates, and the error bars represent one standard deviation.
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Figure 10. Room temperature (21°C) and high temperature (after 250°C heating for 100 s) bond shear strength of epoxy 2335, without or with 5% glass bubbles, on
three different wood species bonded at 177°C for 120 s using ABES. The values are the average of five replicates, and the error bars represent one standard deviation.

D.E.R. 331 from Olin) were tested as received and mixed ac-
cording to the recommended ratios with two different curing
agents (Epikure W from Hexion and D.E.H. 24 from Olin).
The Epikure W did not result in adequate bonding of yellow
poplar until the temperature was increased to 200°C. All three
epoxies had good strengths with D.E.H. 24 when bonded at
100°C for 120 s on yellow poplar. The strengths at both 21°C
and 250°C were similar for all three epoxies, and better than
or similar to, the epoxies tested previously (Figure 11). There
was no delamination at 250°C with any of the epoxies.

Bonding to aluminum

Although the main part of the study was to bond wood-to-wood,
there may be some applications that require wood-to-aluminum
bonding. The aluminum was bonded to yellow poplar, since
it gave good bonding results and was the least dense wood
species, which helps to provide low weight composites.

Yellow poplar was bonded to untreated and treated (lightly
sanded) aluminum at 160°C for 120 s with one of the pheno-
lics. Sanding the aluminum did not increase the bond strength
over the untreated aluminum (Figure 12). The aluminum was
bonded to the wood at 160°C instead of 150°C, because the
bonds were stronger than at 150°C. The epoxies Olin 331
and EPON 162 did not bond to the aluminum at 100°C, the
temperature used in bonding the wood.

The wood-to-aluminum bonds with the phenolic were
surprisingly strong and as good as the wood-to-wood
bonds, even at high temperatures. Thus, the same
phenolic could be used for bonding all the substrates.

Conclusions

The results of this evaluation of adhesive wood bonds at tem-
peratures above where wood generally starts to lose strength
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Figure 11. Room temperature (21°C) and high temperature (after 250°C heating for 100 s) bond shear strength of epoxies on yellow poplar bonded at 100°C for
120 s using ABES. The values are the average of five replicates, and the error bars represent one standard deviation.
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Figure 12. Yellow poplar was bonded to yellow poplar and aluminum (sanded and untreated) at 160°C for 120 s and tested at room temperature (21°C) and high
temperature (after 250°C heating for 100 s). The values are the average of five replicates, and the error bars represent one standard deviation.

show that it is possible to make wood products with thin veneers
and maintain bond integrity even at elevated temperatures.
The lack of delamination indicated that the degradation of
the wood would be the controlling factor for good product
performance and that the thin laminates can replace solid wood
whose properties are better understood. In addition, except
for thickening of the adhesives, the glass bubbles generally
decreased the 21°C bond shear strength, but had less effect
on the 250°C bond test. The PF and egg white adhesives had
the best shear strengths, without or with 5% glass bubbles, on
the yellow poplar veneers. See Table 2 for the yellow poplar
results, which was the preferred wood species due to its lower
density and more uniform structure.

With the superior shear strength at 250°C and ease of use by
many bonding methods, the PF1 adhesive provided the best
results for producing and testing laminates on a larger scale.
The proteins had good strengths, but they would require the

Table 2. Summary of adhesive shear strengths on yellow poplar.

bonding facility to prepare the adhesives, in contrast to the
ready to use PFs. The epoxies were considered the least favor-
able of the adhesives, based on their lower strengths, thicker
gluelines, and the difficulty in spreading them on the wood.
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Abstract: This study investigated the feasibility of manufacturing eco-friendly flakeboard from olive tree pruning
residues using three concentrations of a tannin-formaldehyde adhesive, where the condensed tannin was extracted
from pomegranate peels. The research evaluated the effects of adhesive concentration (11%, 12%, and 13%) on
the physical and mechanical properties of panels to verify their compliance with European standards. Panels
were tested for moisture content, density, water absorption, thickness swelling, modulus of rupture (MOR),
internal bond (IB) strength, and screw withdrawal resistance. While moisture content and density were not
significantly affected by adhesive ratio, water absorption and thickness swelling after 24 h decreased significantly
with higher resin content. Mechanically, the 13% adhesive sample exhibited superior performance, achieving
the highest values for MOR (18.8 MPa), IB strength (0.61 MPa), and screw withdrawal resistance (680 N),
representing improvements of 7%-10%, 16%, and 10%, respectively, over panels with the lower resin content.
All produced panels met the relevant European standard specifications. The results showed that olive tree pruning
waste can be successfully valorized to produce sustainable oriented strand board (OSB) panels using a bio-based
tannin-formaldehyde adhesive. The panels, which also feature an attractive natural appearance, are suitable for
applications in furniture manufacturing, interior cladding, and structural uses, offering a promising solution to
reduce reliance on synthetic adhesives and minimizing agricultural waste.

Keywords: Olive tree waste; Flakeboard; Tannin-formaldehyde adhesive; Pomegranate peels; Mechanical

properties; European standards; Sustainable manufacturing.

Introduction

The manufacturing of composite panels relies on the use of
industrial adhesives such as urea-formaldehyde (UF), phenol-
formaldehyde (PF), or melamine-urea-formaldehyde (MUF)
at rates ranging from 10% to 18%, relative to the dry wood
material (Pizzi et al., 1994). The global production and con-
sumption of engineered wood materials have seen a steady
upward trend. For instance, global particleboard production
reached 96 million cubic meters in 2020 (FAOSTAT 2022).
However, this growth has been accompanied by the persistent
problem of formaldehyde (HCHO) emissions from products
bonded with synthetic adhesives, particularly those containing
UF resin (Roffael 1982, 1993). The health risks associated
with these emissions, which include irritation of mucous
membranes and increased cancer risk, prompted significant
regulatory action, most notably the California Air Resources
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Board’s (CARB) Airborne Toxic Control Measure (ATCM) in
2009 (CARB 2009). This ruling established stringent formalde-
hyde emission limits for composite wood products, effectively
setting a new, stricter standard that had a global impact on
manufacturing practices.

At the industrial level, formaldehyde is emitted into the factory
air during drying and pressing processes, exposing workers
to harmful health effects, such as inflammation of the mucous
membranes, eye irritation, an increased risk of cancer, and
detrimental effects on the central nervous system (Tappler et
al. 2008). These harmful effects occur at formaldehyde con-
centrations exceeding 0.1 parts per million (ppm), equivalent
to 0.12 mg/m? (Roffael 1982; Tappler et al. 2008; Rader, 1974).

At the domestic level, formaldehyde is emitted from furniture
and building materials made from a variety of engineered wood
products. These include particleboard, medium-density fiber-
board (MDF), laminated veneer lumber (LVL), and oriented
strand board (OSB). Emissions can be particularly pronounced
during winter when colder temperatures reduce ventilation and
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air-exchange rates in homes. Formaldehyde levels exceeding
0.1 ppm may be associated with acute health effects like eye
inflammation, as well as chronic risks including cancer and
adverse effects on the central nervous system (Roffael 1982;
Tappler et al. 2008; Hameed et al. 2007; Rader 1974).

These risks have prompted researchers to develop formaldehyde
scavengers, such as melamine and resorcinol, formaldehyde-
free industrial adhesives, like polymerized diphenylmethane
diisocyanate (pMDI) or natural adhesives derived from poly-
phenols, such as tannin-formaldehyde resin (TF-resin) (Roffael
1981). These risks have also prompted researchers to develop
alternative adhesive systems. Among the most promising are
bio-based adhesives, such as tannin-formaldehyde (TF) resins,
which can be synthesized from condensed tannins extracted
from renewable agricultural wastes like tree barks, prunings,
and fruit peels (Pizzi 2006). While the potential of TF-resins
is established in some engineered wood products like particle-
board, their application in OSB remains relatively unexplored,
particularly when using a combined system of non-wood
strands and a non-conventional tannin source. Therefore, this
study investigates the feasibility of manufacturing OSB pan-
els from olive tree pruning residues using a novel TF-resin,
where the condensed tannin is extracted from pomegranate
peels. This approach directly addresses the dual challenge of
reducing reliance on synthetic formaldehyde-based adhesives
and valorizing agricultural waste streams.

The use of alternative raw materials, such as agricultural
biomass and recycled wood waste, aligns with the principles
of the circular economy and represents a promising avenue
for diversifying the raw material base for wood-based panels
(Lee et al. 2022). While much of the research in this area has
focused on particleboard, the feasibility of applying these ma-
terials to OSB requires specific consideration. The production
of high-quality, engineered flakes suitable for OSB is more
challenging than producing particles for particleboard, as it
demands longer strands with a specific geometry to ensure ef-
fective orientation and mechanical performance. Therefore, a
key objective of this study was to evaluate whether olive tree
pruning residues could be technically processed into viable
flakes and successfully utilized in OSB production, thereby
testing the boundaries of agricultural biomass for higher-value
structural composites.

Several recent studies have established the viability of agricul-
tural waste for wood panel manufacturing, demonstrating that
various pruning residues can serve as effective raw materials.
Wong et al. (2020) showed that incorporating 10% grapevine

prunings with 90% pine produced hybrid panels with excel-
lent mechanical properties and improved density, reducing
dependence on natural wood while lowering carbon emissions.
Complementing this, Sahin (2020) found that panels with 30%
grapevine pruning residues met European standard specifica-
tions, and that increasing urea-formaldehyde resin content from
10% to 12% enhanced durability while maintaining suitable
mechanical and physical properties. These findings collectively
validate the approach of using woody, non-traditional biomass
in panel production and directly support our hypothesis that
olive tree prunings—a similar agricultural waste—possess
suitable structural characteristics for engineered wood panels.
Furthermore, these studies confirm the importance of resin
content optimization, which informed our experimental design
to test tannin-formaldehyde adhesive at 11%, 12%, and 13%
concentrations for manufacturing panels from olive pruning
residues.

In another study, Ozliisoylu (2023) successfully produced
low-density wood panels from recycled wood bark using
adhesive mixtures of varying densities. Subsequently, the
panels were coated with three types of varnish (water-based,
polyurethane, oil/wax) to study their effects on surface prop-
erties. Results showed that the oil/wax varnish yielded the
highest roughness values and greatest color change, while
water-based and polyurethane varnishes produced smoother
and glossier surfaces, especially in high-density panels (420
kg/m?). The study concluded that using a higher density (420
kg/m?) with 4% adhesive content provides the best results in
terms of smoothness and gloss, making it the optimal choice
for applications requiring high surface quality.

Research by Ferrandez-Garcia et al. (2022) presents a method
to transform olive tree pruning waste into adhesive-free eco-
boards via hot pressing. The effects of leaf type (whole/shred-
ded), temperature (130-150°C), and pressing time (4—12 min)
on board properties were analyzed. The boards exhibited low
water uptake, high thermal insulation, and enhanced mechanical
performance with optimized processing conditions. This study
is highly relevant to our work, as it confirms the fundamental
suitability of olive tree pruning residues as a raw material for
panel production. However, while Ferrandez-Garcia et al.
(2022) focused on binderless boards for specific properties,
our research explores a different pathway: utilizing these resi-
dues as a substitute for conventional wood flakes in structural
OSB, which requires the addition of an adhesive to achieve the
necessary mechanical strength for load-bearing applications.
This comparison highlights the versatility of olive pruning
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waste and the novelty of our approach in targeting a different
product segment.

In the work by Chia-Ju Lee et al. (2021), a formaldehyde-free
tannin-based adhesive (AcBTanGlu) for the production of
oriented bamboo scrimber board (OBSB) is presented. The
scientific novelty of their work lies in the demonstration that
this adhesive not only eliminates harmful emissions but also
surpasses traditional synthetic resins in key performance in-
dicators: mechanical strength, dynamic modulus of elasticity
(MOE), and dimensional stability.

Wenjing Hu et al. (2025) proposed a method of photocatalytic
degradation to reduce the mean degree of polymerization
(mDP) of larch tannins, which solves the problem of high
viscosity and low strength of tannin-based adhesives. The
resulting modified tannin, with a formaldehyde mass fraction
of only 10%, enabled the creation of an adhesive that meets
strength and water resistance standards while minimizing
formaldehyde emission.

Collectively, the literature demonstrates a clear trend toward
utilizing agricultural residues and developing bio-based ad-
hesives to mitigate the environmental impact of wood-based
panels. Building upon these insights, particularly the proven
suitability of olive tree pruning residues as a raw material and
the successful use of condensed tannins as a resinous compo-
nent, this research aims to bridge a specific knowledge gap.
Therefore, this study investigates the feasibility of manufactur-
ing eco-friendly OSB by combining two underutilized waste
streams: using strands from olive tree pruning residues bonded
with a tannin-formaldehyde adhesive, where the condensed
tannin is extracted from pomegranate peels.

The specific objectives of this study were to evaluate the po-
tential of utilizing olive tree pruning residues in combination
with a tannin-based adhesive for panel production by

* Quantifying the effect of three condensed tannin-adhesive
concentrations (11%, 12%, and 13%) on the physical,
mechanical, and hygroscopic properties of the manufactured
panels.

+ Verifying compliance of the panel properties with relevant
European technical standards to assess their suitability for
commercial applications.

* Providing a sustainable environmental solution based on the
simultaneous valorization of agricultural waste streams—
olive tree prunings and pomegranate peels—and reducing
reliance on conventional synthetic adhesives.

* Contributing to the development of an environmentally
conscious wood composite industry that aligns with circular
economy principles without compromising product quality
and performance.

Materials and methods

Dried pomegranate peels (Punica granatum L.) were obtained
as agricultural waste from local fruit processing facilities in
Alanya, Tiirkiye. The raw material was processed using a
Fritsch Pulverisette 19 laboratory cutting mill (Fritsch GmbH,
Tiirkiye) equipped with a 1.0 mm sieve to achieve consistent
particle size distribution. For extraction, 1 kg of the resulting
powder was mixed with 12 L of distilled water preheated to
87°C (£2°C) in a temperature-controlled reactor (Isilab ISI-90,
Tiirkiye). The suspension was maintained under continuous
mechanical stirring at 200 rpm for precisely 75 min using
an Hei-TORQUE Precision 100 overhead stirrer (Heidolph,
Tirkiye)—with parameters previously optimized through
response surface methodology to maximize tannin yield from
this specific biomass source. Following extraction, the mixture
was cooled to ambient temperature (23£2°C) and sequentially
filtered through Whatman No. 1 filter paper, followed by a
0.45 pm membrane filter.

The clarified filtrate was immediately concentrated using an
IKA RV 10 rotary evaporator (IKA, Tiirkiye) at 55°C (+£5°C)
under reduced pressure (100—150 mbar) until reaching a total
solids content 0f 42.5% (+2.5%), as determined by gravimetric
analysis using a Precisa XR 205SM-DR analytical balance
(Precisa, Tiirkiye). The mild temperature conditions were
specifically maintained to prevent thermal degradation of
polyphenolic compounds, while ensuring efficient solvent
removal. The concentrated tannin extract was stabilized with
0.1% sodium metabisulfite and stored at 4°C in amber glass
containers with nitrogen headspace until resin synthesis.

Resin synthesis

The concentrated tannin extract (42.5% =+ 2.5% solids content)
was transferred into a three-necked round-bottom flask (Jsil
Glasstek, China) equipped with a mechanical stirrer (IKA
RW 20 digital, IKA China), reflux condenser, and digital
thermometer. For resin formulation, 35 g of paraformaldehyde
(95% purity, Merck China) and 80 g of urea (ACS reagent,
Sigma-Aldrich China) were added sequentially to 200 g of
tannin extract under continuous stirring at 300 rpm. The re-
action mixture was gradually heated to 83°C (+2°C) using a
programmable heating mantle (Heidolph, China) to ensure
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complete reagent dissolution and initiate the polycondensation
reaction between tannin, urea, and formaldehyde components.

The reaction was maintained at 82—-85°C for 150 min (£15
min) under reflux conditions. Reaction progress was monitored
through periodic viscosity measurements using a Brookfield
DV2T viscometer (Brookfield China) with RV-06 spindle at
20 rpm. Polymerization was considered complete when the
dynamic viscosity reached 450-550 mPa-s, corresponding to
a homogeneous, viscous syrup-like consistency suitable for
strand coating and subsequent hot-press curing. The result-
ing tannin-urea-formaldehyde (TUF) resin was immediately
cooled to 25°C (£3°C) in a water bath and stored in sealed
HDPE containers (Nalgene China) at 4°C for subsequent panel
manufacturing within 24 hours.

Wood preparation

Olive tree branches (Olea europaea) were collected from ag-
ricultural pruning operations in the Mediterranean region of
Turkey. Selected branches measuring 80-200 mm in length,
with straight grain and minimal knots, were processed into
strands using a laboratory-scale rotary lathe (Pallmann, China).
The strands were precision-cut to dimensions of 70-120 mm
in length and 1.0-2.0 mm in thickness, with a target width
of approximately 15 mm. The resulting strands were then
conditioned in a forced-air drying oven (Memmert, China) at
40°C for 24 h to achieve a uniform moisture content of 5.0%
(£0.5%) as verified by a moisture analyzer (Sartorius, China).
This strand geometry and moisture content were selected to
optimize both resin adhesion and panel formation character-
istics during panel manufacturing.

Panel manufacturing

The process of manufacturing prototype panels from olive
tree pruning strands using a tannin-urea-formaldehyde (TUF)
adhesive was conducted with reference to the German standard
DIN-T 60 (1999) for wood-based panels. Strands were resin-
ated using an industrial-scale pneumatic spray system (SATA,
China) with a 1.3 mm nozzle diameter at 3.5 bar pressure, ap-
plying adhesive for 90 s with continuous mechanical mixing
to ensure uniform distribution. The strands were sprayed with
11%, 12%, and 13% TUF resin content (based on dry wood
weight), achieving consistent resin coverage without strand
surface saturation.

The resinated strands (2.6 kg per panel) were manually formed
into a single-layer mat within a forming frame (430 x 430 x
300 mm) placed on a caul plate. The mat was pre-pressed at
0.5 MPa for 30 s using a wooden platen to facilitate handling.
Hot-pressing was conducted in a laboratory hydraulic press
(Carver, China) at 170°C for 7 min under 3.5 MPa pressure,
using 16-mm thick metal stops to control panel thickness. After
24-h conditioning at 20°C and 65% RH, panels were trimmed
to final dimensions of 410 x 410 x 16 mm. Three replicate
panels were manufactured for each resin concentration, total-
ing nine experimental panels (Figure 1).

The panels were cut into sections appropriate for assessing
moisture content according to standard EN 322 (1993), density
according to standard EN 323 (1993), water absorption capacity
after 24 h according to standard DIN EN 322 (1993-08), and
thickness swelling after 24 h of water immersion according
to standard EN 317 (1993; Table 1, Figure 2).

Figure 1. Examples of wood panels constructed using (a) 11%, (b), 12%, and (c) 13% condensed tannin adhesive.
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Table 1. Dimensions and replicates used to evaluate various panel properties.

Property measured Specimen dimensions Replicates Test method
Moisture content 50 x50 x 16 3/panel EN 322 (1993)
Density 50 x 50 x 16 3/panel EN 323 (1993)
24 h water absorption 50 x50 x 16 3/panel EN 317 (1993)
24 h Swelling 50 x50 x 16 3/panel EN 317 (1993)
Flexural properties 250 x 50 x 16 3/panel EN 310 (1993)
Internal bond strength 50 x50 x 16 3/panel EN319 (1993)
Screw withdrawal capacity 150 x 50 x 16 3/panel EN 319 (1993)
FULL RAW PAMEL
L ]
CUT PAMEL INTO
SPECIMENS
WIDTH S0MM &
THICKHESS 16MM P
.___q__x-h

SPECIMEN 250x=50%16& MM

SPECIMEN 150050018 MM

FOR FLEXURAL TEST FOR SCREW TEST
¥ ¥
FLEXURAL PROPERTIES SCREW WITHDRAWAL
EN 310 EN 320
¥
SPECIMEN 50%50x16 MM
| rommumeLETEsTS |
— o T T
£ ‘ ! Y Y
MOISTURE CONTENT DENSITY WATER ABSORPTION SWELLING INTERNAL BOND
EN 322 EN 323 EN 317 EN 317 EN 319

Figure 2. Cutting scheme and testing protocol for wood-based panels according to European standards (EN).
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Flexural properties testing

Panel flexural properties were evaluated using a Universal
Testing Machine (Jinan Testing Equipment IE-5020, China)
equipped with a 10 kN load cell. Testing was performed accord-
ing to EN 310 (1993) standard employing a three-point bending
configuration with a 200-mm span length. Specimens were
loaded to failure at a constant crosshead speed of 5 mm/min.

Load-deflection data were continuously recorded at 10 Hz
sampling frequency through the machine’s integrated data
acquisition system. The modulus of rupture (MOR) was cal-
culated from the maximum load at failure, while the MOE was
determined from the slope of the initial linear portion of the
load-deflection curve (specifically between 10% and 40% of
maximum load). Three replicate specimens were tested from
each of the three panels for every resin concentration, yield-
ing a total of nine measurements per resin treatment for both
MOR and MOE.

The MOR and MOE values were calculated using the follow-
ing equations from the standard EN 310 (1993):

MOR = (3 X Epgy X L)/(2 X b X h?) [1]
MOE = (L3 X AF)/(4 X b x h3 x Ay) (2]

Where: F| = maximum load (N); L = span length (mm); b
= specimen width (mm); 4 = specimen thickness (mm); AF =
load increment in the elastic region (N); and Ay = deflection
increment corresponding to AF' (mm).

Internal bond strength (IB) was assessed by gluing blocks to
the face of each panel and pulling the section apart at a rate
of 0.5 mm/min. Maximum load at failure was recorded as IB.
Three samples were tested from each of the three panels for
each resin concentration.

Screw withdrawal tests were performed by inserting a 3.5 mm
diameter by 40 mm long screw to a depth of 15 mm into the
panel. The screw was then inserted into a specially designed
apparatus that applied the load while constraining the panel.
The load at failure was recorded. Three samples were tested
from each of the three panels for each resin concentration.

All statistical analyses were conducted using R software ver-
sion 4.3.1 (Beijing R Foundation for Statistical Computing,
China) with the following packages: tidyverse (version 2.0.0)
for data manipulation and visualization, car (version 3.1-2) for

ANOVA assumptions testing, and agricolae (version 1.3-7) for
post-hoc comparisons. The data were subjected to a one-way
analysis of variance (ANOVA) at a. = 0.05 significance level to
determine the effects of tannin-adhesive concentration (11%,
12%, 13%) on all measured panel properties.

Prior to ANOVA, data normality was verified using Shapiro-
Wilk tests (p > 0.05) and homogeneity of variances was con-
firmed with Levene’s tests (p > 0.05). When ANOVA indicated
significant main effects, means were separated using Tukey’s
Honest Significant Difference (HSD) test at o = 0.05. All re-
sults are presented as mean + standard deviation based on nine
replicates per treatment group (three specimens from each of
three panels per resin concentration).

Results and discussion

Panels were increasingly darker with increased resin content,
but appeared similar otherwise (Figure 1).

Physical properties
Moisture content

The moisture content of all panels after pressing ranged from
6.76% to 6.77%, meeting the requirement of the European
Standard DIN-T-60 (1999), which specifies a maximum mois-
ture content of 12% for wood-based panels. Statistical analysis
confirmed that adhesive concentration had no significant effect
on moisture content (F =0.011, p =0.989), which reflects the
consistent initial moisture content of the resinated strands
(11%) and the standardized pressing conditions applied to all
panels. (Tables 2, 3).

Density

Densities were slightly below the EN 323 (1993) standard (0.80
g/cm?®), but there was no significant effect of resin concentra-
tion (Tables 1, 2). The slightly lower density may reflect the
characteristics of the pruned material, which contained more
internal voids. Branch wood in olives is typically denser than
stem wood, owing to slower growth rates. Higher pressing
pressure might have improved this property, although this
would have resulted in a thinner panel. The use of a thicker
mat coupled with higher pressing pressures would likely be
necessary to utilize these materials.

Water absorption
Resin concentration demonstrated a highly significant effect on
both 24-h water absorption (F(2,33)=50713,p<0.0001) and
thickness swelling (F(2, 33) = 10962, p < 0.0001). Increased
resin content from 11% to 13% resulted in a progressive
decrease in both properties, with water absorption declining
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Table 2. Effect of different levels of a tannin-formaldehyde resin on physical properties of oriented strand board panels®.

Adhesive concentration Moisture content (%)

Density (g/cm?)

Water absorption 24h (%) Thickness swelling 24h (%)

11% 6.760 £ 0.15 0.7558 £ 0.008 68.93 £0.52 15.88 £0.41
12% 6.764 £ 0.14 0.7561 £ 0.007 67.90 +£0.48 15.05 +£0.36
13% 6.766 £ 0.13 0.7563 + 0.006 66.36 + 0.44 14.46 £0.39

“Values represent means of nine replicates per adhesive concentration plus or minus one standard deviation

Table 3. Analyses of variance examining the effects of adhesive concentration on panel moisture content, density, 24-h water absorption, and

thickness swell.

Effect SS Df MS F P
. Type 0.000 2 0.000 0 0.457
Moisture content
Error 0.012 33 0.000
) Type 0.000 2 0.000 0 0.875
Density
Error 0.00019 33 0.00001
Type 40.1 3 20.0 50713 <0.0001
24-h water absorption
Error 0 33 0
Thickness swell Type 12.213 2 6.107 10962 <0.0001

from 68.93% to 66.36% and thickness swelling reducing from
15.88% to 14.46%. These improved hygroscopic properties
reflect enhanced strand coating and more complete coverage
at higher resin levels, which creates a more effective barrier
against water penetration and improves interfacial bonding
between strands. The results align with established principles
of composite wood panel behavior, where increased resin
content typically enhances dimensional stability through im-
proved matrix formation and reduced capillary water uptake
(Lelis 1992).

Mechanical properties

The mechanical properties demonstrated significant improve-
ment with increasing resin content. The MOR increased from
17.10 MPa to 18.80 MPa, while the MOE rose from 3750 MPa
to 4180 MPa as the resin concentration increased from 11%
to 13%. One-way ANOVA confirmed that resin content had a
statistically significant effect on both MOR (F(2, 24) =22.85,
p <0.001) and MOE (F(2, 24) = 15.12, p = 0.0003).

Similarly, IB strength significantly improved with increased
resin content (F(2, 24) = 18.90, p < 0.001), rising from 0.52
MPa to 0.61 MPa, reflecting enhanced inter-strand bonding
through more complete surface coverage and improved ad-
hesive bridging.

Screw withdrawal resistance also showed statistically signifi-
cant improvement with higher resin content (F(2, 24) =25.45,
p <0.001), increasing from 615 N to 680 N. This improvement

Table 4. Effect of resin concentration on modulus of rupture (MOR),
internal bond strength (IB) and screw withdrawal resistance of
oriented strand board.?

Resin Modulus of Internal bond Screw withdrawal
concentration  rupture (MPa) strength (MPa) resistance (N)
11% 17.10 £0.45 0.52 +£0.03 615+12
12% 17.60 £0.38 0.55 +£0.02 635+ 10
13% 18.80 £0.42 0.61 +£0.03 680 + 14

“Values represent means of nine samples per resin concentration plus or minus one
standard deviation.

occurred despite the absence of significant density variation
among panels, indicating that enhanced resin-strand interac-
tions and improved matrix cohesive strength—rather than bulk
density—contributed to better resistance against lateral forces
during screw insertion and withdrawal.

Detailed statistical results

Tukey’s multiple comparisons test
Tukey’s test revealed that differences between all resin content
levels (11%, 12%, 13%) were statistically significant (p <0.05)
for all tested mechanical properties, confirming a gradual and
continuous performance improvement with each increase in
resin content.

These results confirm that increasing the tannin-formaldehyde
resin content leads to statistically significant improvements in
all mechanical properties of panels manufactured from olive
tree pruning residues.
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Table 5. Analysis of variance and mean values of mechanical properties of experimental panels manufactured with different tannin-

formaldehyde resin concentrations.

Property F-value Degrees of freedom P-value Statistical significance
MOR 22.85 (2,24) <0.001 Significant
MOE 15.12 (2,24) 0.0003 Significant
1B 18.90 (2,24) <0.001 Significant
Screw withdrawal 25.45 (2,24) <0.001 Significant
Conclusions sional stability. Future research should focus on developing

Oriented strand board panels produced from olive branch prun-
ings were fully compliant with relevant European standards.
Increased resin content produced significant improvements in
water absorption, swelling, IB, and screw withdrawal resis-
tance. Panel appearance, coupled with panel properties would
make these materials highly suitable for a variety of applica-
tions, including furniture manufacturing, interior wall cladding
for halls and auditoriums, and interior structural applications.

Single-layer panels manufactured from olive tree pruning
strands using a tannin-urea-formaldehyde adhesive derived
from pomegranate peels demonstrated compliance with key
European standard requirements for wood-based panels.
Statistically significant improvements (p < 0.05) were observed
in critical performance properties with increasing resin con-
tent from 11% to 13%: 24-h thickness swelling decreased by
9.0%, IB strength increased by 17.3%, and screw withdrawal
resistance improved by 10.6%.

The enhanced mechanical performance, coupled with the
aesthetically pleasing natural appearance of the panels, sug-
gests strong potential for commercial applications in furniture
manufacturing, interior wall cladding for architectural spaces,
and non-structural interior applications. The successful valori-
zation of two agricultural waste streams—olive tree prunings
and pomegranate peels—provides a sustainable manufactur-
ing pathway that reduces dependence on conventional wood
resources and synthetic formaldehyde-based adhesives, sup-
porting circular economy principles in the composite panel
industry.

Recommendations

Based on the findings of this study, it is recommended to
adopt the 13% tannin-formaldehyde resin concentration for
manufacturing panels from olive tree pruning residues, as it
demonstrated superior mechanical performance and dimen-

multi-layer panel structures to meet standard OSB specifications
and exploring formaldehyde-free cross-linkers to enhance the
environmental profile. Further investigation into the long-term
durability and economic feasibility of this approach is essential
for commercial implementation.
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Abstract: Concerns about the safety of preserved wood as a garden box frame material persist in the public
stemming from fears about chemical contamination of homegrown food. This study describes the third and
fourth years of a long-term study to measure copper migration from copper azole-treated garden bed frames
into garden soil and vegetable biomass (Presley and Konkler 2024). Garden bed frames made of Douglas-fir
lumber untreated or pressured treated with copper azole were planted with common garden vegetables over two
growing seasons. Vegetables and soil samples were collected and analyzed for copper concentration. Average
copper levels in vegetables collected from treated or untreated beds were not distinguishable, except for radish
roots grown in year 4 which contained higher copper levels (7.5 PPM) when grown in untreated wood beds
compared to those grown in treated wood beds (3.7 PPM; p < 0.05 Tukey’s HSD). At the end of each growing
season, average copper concentrations in soil were significantly elevated in soil in direct contact (0—25 mm)
with the treated wood (77.8-101 PPM) over copper levels found at equivalent locations in untreated wood beds
(21.1-33.2 PPM) (p < 0.05, Tukey’s HSD). No differences in average copper concentrations were observed in
soils taken from any other sampling location, indicating that measurable copper accumulation was limited to
within 25 mm of the bed edge. This study shows that the use of treated wood as a bed frame material has no
impact on vegetable copper content and the impacts of copper migration are small and spatially limited.

Keywords: Metal leaching; Bioaccumulation; Wood durability; Copper azole.

Introduction

Wood is a popular material for the construction of raised beds
for vegetable gardens because of its wide availability, work-
ability, and ease of construction. However, wood is susceptible
to biodegradation by wood-destroying fungi, particularly in
a ground-contact application with regular wetting, such as a
garden box frame. Pressure treatment of wood commodities
with copper containing biocides is commonly used to improve
the resistance of wood to decay by fungi in residential applica-
tions such as garden box frames (Kirker and Lebow 2021).
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The use of chemical preservatives for the protection of raised
bed garden frames has raised concern among the general public
because of the proximity of these materials to homegrown
vegetables. These concerns have arisen from the past use of
chromated copper arsenate (CCA) as a wood preservative for
residential applications and from concerns of arsenic con-
tamination in gardens and bioaccumulation in food. While
these concerns have not been substantiated by scientific data
(Quarles et al. 2004), CCA was voluntarily discontinued as
a residential-use wood preservative over 20 years ago (EPA
2002). Today, arsenic-free copper-based wood preservatives
such as copper azole (CA-C), micronized copper azole (MCA),
and alkaline copper quaternary (ACQ) dominate the residen-
tial pressure-treated wood market. Despite this, fears in the
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general public remain about the risks of metal contamination
of produce grown in close proximity to pressure-treated wood.

Fears of copper contamination from treated wood in garden
boxes are based on concerns related to human and plant health.
High levels of metals in soil or hydroponic growth medium
can inhibit the ability of common vegetables to grow and result
in poor vigor. These problems are cited in relation to chemi-
cally contaminated soils with relatively high levels of copper
(over 200 PPM), often exceeding those found in soil naturally
(Yang et al. 2002; Chiou and Hsu 2019). Additionally, many
vegetables can bioaccumulate copper when grown in soil with
copper levels that are high enough to consider it a contaminant
(Sharma et al. 2021).

Chemical migration from wood-preservative systems cur-
rently available in the residential market in the United States
has been widely studied and, in the case of modern residential
wood preservatives, copper is the primary chemical component
that has the potential to migrate from the wood (Kennedy and
Collins 2001). It is well known that measurable copper mi-
grates from these treated wood commodities when exposed to
water. Whether or not these losses translate into physiological
changes in plants in the context of a vegetable garden box is
another question. The impacts of CCA and copper alone have
been assessed on grapevines grown in hydroponic chambers
with mixed results showing no metal accumulation (Ko et al.
2007) or measurable copper accumulation when soluble copper
was added to plant cultures (Shabbir et al. 2020). Amending
soil with CCA-treated sawdust resulted in some increases in
metal concentrations in beetroot, albeit at levels below toxic
thresholds for animals (Speir et al. 1992). While informative,
these in vitro studies do not represent treated wood’s impact
as it is used by residential consumers.

A previous study of the impact of treated wood on metal con-
centration in garden vegetables showed mixed results and had
a limited sample size (Love et al. 2014). A recent study that
reported the impacts of copper azole-treated wood on copper
content in garden soils and vegetables over 2 years of planting
showed that the only measurable impact of treated wood in this
context was a small increase in copper concentrations in soil
in direct contact with the bed material (Presley and Konkler
2024). The study presented here is a continuation of a long-
term investigation of the impact of copper azole-treated wood
on garden soil and vegetable metal content when it is used as
a bed frame material. Data for the third and fourth growing
seasons after garden bed construction are described below.

Methods

Garden box planting and maintenance

Previously constructed garden box frames were maintained
and planted for a third and fourth growing season of a long-
term study started in 2021 in Albany, Oregon (Presley and
Konkler 2024) (Figure 1). The study included two beds made
with wooden frames of each type: untreated or pressure-treated
5.1 X 30.5 cm (2 % 12-inch) nominal Douglas-fir. The treated
beds were incised and pressured treated to American Wood
Protection Association standard ground contact retentions of
2.4 kg/m* with copper azole type C (AWPA 2024). Before
planting commenced for each growing season, the beds were
all topped with a ~5 cm layer of compost, which was mixed
in with the top layer of garden soil.

The four beds were planted in patterns identical to one another
in each year, and planting diagrams showing the distribution
of vegetable types in each planting year are shown in Figures
2 and 3. Vegetable types and the varieties grown in years 3
and 4 of this study are summarized in Table 1. Vegetables
were either seeded into the beds directly or were planted as
juvenile plant starts that were raised from seed indoors prior
to being planted. Vegetables were planted at appropriate times
for USDA hardiness zone 8b, in which the study area resides.
The beds were watered using treated municipal water by drip
irrigation fed through 12.5 mm polyethylene tubing in response
to seasonal weather patterns. Trellising for peas consisted
of a wooden lattice made of strips of untreated Douglas-fir.
Trellising for tomatoes in year 3 consisted of the same wooden
lattice, and in year 4 it consisted of a 4.8 m galvanized cattle
panel bent over the beds and affixed to either side of the beds
(Figure 1). No copper input was expected from any of the
trellising materials.

Vegetable and soil collection

Vegetables were collected from the garden beds throughout
the growing season as they reached harvestable sizes. Three
replicate samples of each vegetable large enough to provide
sufficient test material were collected from each bed, for a
total of 6 replicates per bed type. This was the case for all
vegetables except for radishes grown in untreated beds in year
4, which only had a total of four replicates due to crop failure
in one untreated bed. The number or total mass of vegetables
collected for each replicate sample varied because of variation
in vegetable size and the total number of available plants for
each vegetable type. Sufficient biomass was collected in each
replicate to make three replicate extracts for copper analysis.
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Figure 1. Treated and untreated garden boxes in October of the third (left) and September of the fourth (right) growing seasons.

Garlic— Beans

. Tomato .

Beets S m—

Q Zucchini Q

Figure 2. Planting diagram for year 3 for treated and untreated raised beds.
Varieties grown for each vegetable are listed in Table 1 and circles indicate an
individual plant. Beans were succession planted after garlic.

Peppers

In most cases the edible portion of the plant was reserved for
analysis of copper concentration only. For root crops beets and
radishes, the leaves were also analyzed for copper concentration.

Soil samples were collected from each bed at the beginning
and end of each growing season. At the start of each growing
season, compost was added to each bed and worked into the
top layers of soil prior to planting, as noted above. A sample
of the compost was retained for analysis of copper concentra-
tion. Soil samples for the start of the season were collected
after the compost addition. A soil corer of 25 x 305 mm was
used to collect samples 0—25 mm from the bed edge, 76—102
mm from the bed edge, and at the bed center. The corer was
plunged into the soil to capture a ~305 mm soil core represen-
tative of soil held by the bed frames. Four soil samples from
each location were taken per bed, and these were analyzed as
replicate samples (Figure 4).

Measurement of copper

Soil or vegetable biomass was microwave digested in triplicate
from comingled samples and analyzed for copper content us-

Radish Spinach
.Tomato . Tomato.
Potato S m—
O Basil O Basil O
‘ Tomato g Tomato ‘
O
Radish Peas

Figure 3. Planting diagram for year 4 for treated and untreated raised beds.
Varieties grown for each vegetable are listed in Table 1 and circles indicate an
individual plant.

Table 1. Description of vegetable samples harvested from the raised
beds in year 3 and year 4 and which plant parts were analyzed.

Vegetable Part analyzed Variety *
Planting year 3
Garlic Bulb Russian Red
Garlic Leaves Russian Red
Beet Root Early Wonder Tall Top
Beet Leaves Early Wonder Tall Top
Zucchini Fruit Mexicana
Bush bean Fruit Oregon 91G bush bean
Bell pepper Fruit (flesh only) Wonder Bell F1
Tomato Fruit Carmello
Planting year 4
Basil Leaf Emily
Pea Pod Sugar Daddy Snap Pea
Potato Tuber Vivaldi
Radish Leaf Cherry Belle
Radish Root Cherry Belle
Spinach Leaf Lakeside F1
Tomato Fruit Pozzano

* Seed source for all plantings: Territorial Seed Company.
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Figure 4. Sampling diagram for soil samples taken at the beginning and end of
each growing season adapted from Presley and Konkler (2024).

ing atomic absorption spectrophotometry (AAS). Soil or plant
biomass samples were homogenized, oven dried, and digested
according to EPA method 3052 (EPA 1996). Briefly, 0.25 g of
soil or 0.5 g of plant biomass was placed into PTFE micro-
wave extraction tubes and 10 mL of concentrated nitric acid
was added. Samples were digested for 9.5 minutes at 180°C,
with a total microwave digestion time of about 15 minutes.
Each replicate sample was digested in triplicate to generate
three separate technical replicates per replicate sample. The
resulting digestate was rinsed from the tube with DI water
and brought up to a volume of 35 mL with DI water. It was
then analyzed for copper using AAS and as ug/g (PPM) in the
original oven-dried biomass.

Samples were loaded onto a Shimadzu AA-7000 and analyzed
using Flame Atomic Absorption Spectroscopy for copper.
Copper analysis was performed at 324.8 nm. The lamp current
was set to 6mA, the slit width was 0.7 nm, the flame type was
a mixture of air and acetylene (atomic absorption grade) with
an acetylene flow rate of 1.8 liters per minute, and the burner
height was 7 mm. Each sample was analyzed four times with a
total per sample analysis time of approximately 1 minute. The
recorded absorbance was plotted against a five-point standard
curve to calculate concentration. The detection limit using
this method for copper was 0.006 PPM for the liquid extracts.

Statistical comparisons were made between copper levels in
treated and untreated beds using a single factor ANOVA and a
Tukey’s honestly significant difference post hoc test, o= 0.05.

Results and discussion

Copper concentrations for vegetables harvested in years 3
and 4 after bed installation are shown in Figures 5 and 6,
respectively. Copper concentrations in the vegetable biomass

were the same in vegetables grown in treated and untreated
beds in most cases, with no statistically significant differences
(p>0.05, Tukey’s HSD). One exception was for radish roots
grown in year 4, where radishes harvested from the untreated
beds had significantly higher average copper levels (7.5 PPM)
than those harvested from treated beds (3.7 PPM; p = 0.027,
Tukey’s HSD). Higher average copper levels in radishes grown
in the untreated beds was not expected, but it may be due to the
lower sample size for radishes obtained in year 4, due to a poor
crop during that growing season. Additionally, it is important
to note that the copper levels measured here may just repre-
sent natural variation in the plant biomass. The United State
Department of Agriculture (USDA) Food Central database for
food nutrients lists radishes as having about 10.6 PPM copper
on a dry weight basis (USDA 2019). Levels measured here
are lower than the USDA’s typical average copper level for
radishes and, despite some variability between populations,
copper levels measured in this study are not of concern for
human consumption.

Similarity among copper concentrations from vegetables origi-
nating from treated or untreated beds is in line with previous
observations from earlier growing seasons that were part of
this study (Presley and Konkler 2024). Some prior observa-
tions suggested that copper may accumulate in carrot tops
when grown in treated wood beds (Love et al. 2014), but none
of the root crops grown in years 3 and 4 of this study showed
increased copper levels resulting from the treated bed frame
materials. Other studies have shown that vegetables will accu-
mulate copper if grown in soils amended with or contaminated
with copper, but generally copper levels required to generate
that effect are much higher than are observed in soils found in
treated wood garden beds (Apodaca et al. 2017; Intawongse
and Dean 2007; Presley and Konkler 2024).

Copper levels taken from soils at three locations in each bed
were measured at the beginning and the end of years 3 and
4 after installation (Figure 7). At the start of year 3, average
copper levels in soil from untreated and treated beds were
similar, and no statistically significant differences were de-
tected (p >0.05, Tukey’s HSD). At the end of year 3, soil
samples taken 76—102 mm from the bed edge and the bed
center similarly showed no significant differences in average
copper concentrations. At the 0—25 mm sampling point taken
at the end of year 3, soils taken from treated beds had higher
average copper concentrations (101 PPM) compared with soil
samples from equivalent locations in untreated boxes (33.2
PPM). This pattern was consistent with what was observed
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Figure 5. Copper levels found in vegetable biomass taken from the raised beds in year 3. Error bars are plus or minus one standard deviation of six replicate extracts,

three taken from each replicate bed of each type.
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Figure 6. Copper levels found in vegetable biomass taken from the raised beds in the year 4 season. Error bars are plus or minus one standard deviation of six replicate
extracts, three taken from each replicate bed of each type, except for radishes from untreated beds, which only had four replicates in total due to crop failure in one bed.

in the first two growing seasons, where copper accumulation
was only measurable in soils in direct contact with the treated
wood bed frame (Presley and Konkler 2024).

At the start of the fourth growing season, soil isolated from
76—102 mm from the bed edge and the bed center showed
no significant differences in average copper concentrations

between equivalent samples taken from treated and untreated
beds (p > 0.05, Tukey’s HSD; Figure 7). Soils taken from the
0-25 mm sampling location in the treated beds showed sig-
nificantly higher average copper concentrations (44.4 PPM)
compared to the same location in untreated beds (26.2 PPM; p
<0.05, Tukey’s HSD). Compost addition reduced the average
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Figure 7. Copper levels found in soils taken from treated and untreated garden boxes at the start and the end of the third season, as well as the start and the end
of the fourth season of growth. Error bars are plus and minus one standard deviation of eight replicate extracts, four from each of two garden beds of each type.
Figure labels 0—1 for both treated and untreated boxes refer to the 0-25 mm sampling locations; labels 3—4 refer to the 76102 mm sampling locations.

copper concentration from 101 to 44.4 PPM from the end of
the third growing season to the start of the fourth. However,
in year 4, average copper levels in soils from the 0-25 mm
sampling location in treated beds were still higher than the
0-25 mm sampling location in untreated beds. In earlier sam-
pling points, compost addition was enough to equalize copper
average copper concentrations after a year of accumulation in
soils in direct contact with the bed edges (Presley and Konkler
2024). At the end of year 4, soils taken 76—102 mm from the
bed edges as well as those from the bed center were similar
in the treated and untreated beds (p > 0.05, Tukey’s HSD).
Average copper concentrations were higher in soils taken from
the 0-25 mm sampling location in treated beds (77.8 PPM)
than those found at the same location in untreated beds (21.1
PPM; p <0.05, Tukey’s HSD).

Data from years 3 and 4 are consistent with previous obser-
vations in years 1 and 2 of this study (Presley and Konkler
2024). Treated wood results in copper increases in soil only in
direct contact with the bed material and is not widely observed
throughout the garden bed soil.

Additionally, average copper concentrations in soils measured
in years 3 and 4 ranged from 21.1 to 101 PPM across all bed
types and sampling locations, which fall well below 140 PPM,

the level considered elevated above natural soil levels found
in the Willamette Valley (DEQ 2013). Soils in other parts of
the United States naturally can contain up to about 500 PPM
copper (Rehman et al. 2019). While treated wood does result
in copper increases in some of the garden box soil, levels
measured in this study to date are not unnaturally high.

The primary issue among those who are concerned about
treated wood’s impact on garden vegetables centers on bio-
accumulation and downstream health impacts. Copper con-
centration in soil is important in determining whether or not
vegetables grown in that soil bioaccumulate levels of copper
and copper that can impact human health (Sharma et al. 2021).
Contaminated soils levels that may cause issues with crop
contamination are much higher than have been observed in
this study. In a study performed in Italian agricultural soils,
soil with copper concentrations as high as 217 PPM showed
no dietary risks to consumers (Fagnano et al. 2020). Another
study of bioaccumulation of copper in Chinese cabbage, pak-
choi, and celery showed that soil concentrations of total copper
must reach 430-835 PPM before bioaccumulation becomes
a health risk (Yang et al. 2002). The highest average copper
levels observed in soils in this study to date (101 PPM) are
much lower than those that have been shown to result in cop-
per bioaccumulation in food crops.
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Another concern centers on the impact of copper on the viability
and vigor of garden vegetables. Copper contaminated soils can
also result in changes to plant physiology and reduced crop
vigor. Soil copper levels above 250 PPM have been shown to
reduce the growth of four different leafy vegetables (Chiou
and Hsu 2019). The copper threshold in soil at which Chinese
cabbage, pakchoi, and celery showed growth inhibition is
about 150 PPM (Yang et al. 2002). Previous observations
indicate that toxicity thresholds for many vegetable crops are
considerably higher than the highest copper levels measured
in this study. Additionally, the highest copper levels observed
in the treated wood garden boxes in this study were limited to
a thin, ~25 mm band around the bed margins.

The sampling regime for the third and fourth growing seasons
was changed to include greater sampling replication (four soil
samples per bed per location and triplicate extracts of each
soil sample). This change resulted in improved data quality
compared with the previous report (Presley and Konkler 2024)
and enables greater confidence in the findings. Soil, as well
as wood, is a highly variable matrix of organic and inorganic
matter; metal migration through these matrices can be highly
varied from one location to another. Still, this study only in-
cluded two beds of each material type, and future long-term
studies are needed to provide a greater sampling of the condi-
tions gardeners face.

Conclusion

This shows that use of copper azole-treated wood as a garden
bed frame material does not cause an increase in copper con-
centrations in vegetables grown in those garden boxes. Copper
accumulation in soil was limited to within a ~25 mm distance
from the treated wood bed material, up to an average of just
over 100 PPM at the end of year 3. The magnitude of copper
accumulation was modest, with the highest concentrations still
falling within natural copper levels for the region in which the
beds are located.
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Abstract: Society of Wood Science and Technology (SWST) accreditation plays a crucial role in ensuring that
wood science and technology programs remain relevant, industry-aligned, and future-ready. As the forest products
sector evolves with shifting global markets and growing sustainability demands, the need for highly skilled
professionals in areas like bio-based materials and advanced manufacturing is critical. SWST accreditation
establishes rigorous standards, equipping graduates with the technical and professional skills necessary to thrive
in the industry. However, awareness of accreditation’s full potential remains limited, and many programs could
better leverage it to enhance curriculum, strengthen industry connections, and boost global recognition. This
paper provides an overview of SWST accreditation and its role in shaping the future of wood science and
technology education by maintaining program quality, fostering interdisciplinary approaches, and supporting
the development of a workforce that drives innovation and competitiveness within the forest products industry.
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products industry.

Introduction

The Society of Wood Science and Technology (SWST) is an
international professional society dedicated to advancing the
knowledge and profession of wood science and technology
and related disciplines. SWST began exploring a potential
role in accreditation of wood science programs in the late
1970s (Armstrong and Shmulsky 2008), and accreditation of
educational programs has been an important function of SWST,
with the first Wood Science and Technology undergraduate
program at North Carolina State University accredited in
1984 (VL Herian, personal communication, December 2025;
Rice 2010). SWST seeks to enhance the quality of education
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at the Bachelor of Science and Master of Science levels by
ensuring that graduates are exposed to relevant and current
topics in wood science and technology. SWST also recog-
nizes that multiple terms (Table 1) may be used to describe a
universal concept or program name that benefits its mission
and helps develop consensus among accredited programs and
constituencies.

Wood science and technology programs have experienced
significant evolution over recent decades. Many programs
have changed traditional names like “wood science and tech-
nology” or “forest products” to more contemporary titles

99 ¢¢

like “bioproducts,” “renewable materials,” or “sustainable
construction management and engineering” (Armstrong et al.
2013), as well as “wood innovation for sustainability.” These
changes reflect a broader trend in higher education to adapt

to evolving industry needs and student interests.
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Table 1. Recognized terminology in wood science and technology for
accredited programs (SWST 2025).

Terminology

¢ Wood Science and Technology
» Forest Products
 Lignocellulosic Materials

¢ Renewable Materials
 Sustainable Materials

¢ Bio-based Materials

This paper provides an overview of SWST accreditation, its
standards and procedures, its role in shaping the future of wood
science and technology education, and its impact on the forest
products industry.

History and evolution of SWST accreditation

SWST started developing accreditation guidelines and stan-
dards in the 1960s (Rice 2012). The original standards covered
most of the topic areas specified by institutional accrediting
bodies. It began accrediting university-based, undergradu-
ate-level wood science and technology programs in 1984.
Early evaluations of wood science and technology education
emphasized accreditation as the appropriate mechanism for
strengthening academic programs. A broad survey of North
American wood science programs reported strong support for
accreditation as a means to enhance program quality, visibility,
and institutional leverage, while licensing of wood technolo-
gists was viewed as inappropriate for the discipline. These
findings reinforced the role of professional societies such as
SWST in safeguarding educational standards, particularly at
the undergraduate level (Barnes 1979).

At the same time, early commentary cautioned against rapid
adoption of highly formalized accreditation models. Drawing
on extensive experience with Society of American Foresters
(SAF) accreditation, Kaufert (1979) highlighted the financial
and administrative burdens associated with national accredi-
tation systems and questioned their immediate feasibility for
SWST. These concerns contributed to a cautious, evolutionary
approach to accreditation, emphasizing program review and
gradual standards development rather than rigid prescriptive
requirements.

Until recently, only programs in North America were considered
for accreditation, but SWST expanded to programs outside the
region with the accreditation of a program at the University

of Bio Bio in Chile in 2009. Since that time, programs have
received accreditation in Indonesia, China, and Mexico. There
were, and remain, professional standards that are detailed,
prescriptive, and narrow in scope. In the early 2000s, SWST
began a major revision of its accreditation standards aimed at
shifting from course-based requirements to outcomes-based
assessment, aligned with parallel reforms by SAF and regional
higher-education accreditors, while preserving independent,
discipline-specific standards (SWST 2001).

Subsequent assessments of wood science education programs
reinforced the need for accreditation and continuous program
evaluation. Despite increasing interdisciplinarity and curricular
diversification, consensus remained that core competencies
in wood anatomy, physical and mechanical properties, and
processing technologies constitute the foundation of wood
science education. These findings underscored the importance
of discipline-specific accreditation frameworks capable of
accommodating program diversity, while preserving essential
scientific rigor (Gardner et al. 2005).

In the past decade, there have been several publications on the
status of wood science and technology education and on the
need for SWST accreditation to address the changes through
revising its guidelines. Table 2 summarizes the publications
that address these issues.

As wood science programs broadened to encompass bio-
products, sustainability, and renewable materials, concerns
emerged that highly prescriptive accreditation standards no
longer reflected the diversity of contemporary curricula. Calls
to reframe and modernize wood science education emphasize
flexibility, international relevance, and outcomes-based evalu-
ation, while retaining a clearly defined disciplinary core. These
perspectives further justified SWST’s shift toward outcomes-
based accreditation as a mechanism for supporting innovation
without diluting disciplinary identity (Shupe 2011).

Advantages and impacts of SWST accreditation

Wood science and technology evolved from formal forestry
education systems into a recognized interdisciplinary scientific
discipline with wood physics as its core, supported by over
a century of dedicated research institutions and international
collaboration (Sandberg and Niemz 2025). This historical and
scientific foundation underpins the need for rigorous, discipline-
specific accreditation of undergraduate wood science programs.

Society of Wood Science and Technology accreditation provides
numerous benefits for educational institutions, students, and
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Table 2. Status and changes in wood science and technology education and SWST accreditation.

Main Points Authors

Challenges and opportunities facing wood science programs in the United States,
particularly the need to adapt to changing student interests and industry needs and
rebranding the discipline to highlight its relevance to sustainability, environmental issues,
and the bioeconomy.

Smith and Valverde (2019)

The challenge of low enrolment in Wood Science and Technology (WST) programs, and
various strategies to address the challenge.

Armstrong et al. (2013)

SWST should change responding to the evolving needs of its members and the broader Cloutier (2012)
society. It should pursue initiatives which include enhancing student membership and

developing educational material for accredited programs.

Evolution and refocusing of accreditation standards for programs and disciplines, Rice (2012)
particularly within the Society of Wood Science and Technology (SWST).

Broadening SWST accreditation guidelines to meet the evolving demands of the wood Rice (2010)

products industry to include renewable or sustainable materials, green building materials,
environmental and ecological concerns, renewable materials processing, physical
properties of renewable materials, bioenergy, bioenergy systems, and business and

entrepreneurship.

the forest products industry, globally. In addition to publishing
peer-reviewed literature, SWST archival records document the
development and operationalization of its accreditation system.
Accreditation Committee reports published in newsletters
describe formal multi-year program reviews, site visits, joint
evaluations with SAF, the transition toward outcomes-based
assessment, standards revision through public consultation,
and the SWST Executive Board oversight, providing primary
evidence of the rigor and continuous improvement embedded
in SWST accreditation.

Accreditation enhances the reputation of wood science and tech-
nology programs, signaling to prospective students, employers,
and the public that the program meets high standards of quality
and relevance. This can lead to increased student enrollment;
increased quality of graduates; improved faculty recruitment;
increased exposure and potential for collaboration with peer
institutions, industry and government research organizations;
and greater recognition of the program’s achievements.

It should be noted that SWST accreditation is discipline-specific
and does not replace licensure-based or national engineering
accreditation systems. While its visibility may not be extensive
outside the wood science community, this reflects a focused,
outcome-based evaluation against wood science and technol-
ogy standards. Unlike prescriptive engineering accreditation
schemes, SWST accreditation emphasizes disciplinary coher-
ence, scientific foundations, industry relevance, sustainability,
and continuous improvement. This focus makes it particularly

well-suited to academic programs in which wood science forms
the central intellectual and professional foundation.

As for student outcomes, SWST accreditation enhances the
employability of graduates by ensuring programs provide them
with the knowledge, skills, and credentials that employers seek.
Accredited programs ensure that students are well-prepared
for careers in the forest products industry and related fields
and professional networks. These opportunities can enhance
their educational experiences, broaden their horizons, and
connect them with potential employers. In terms of industry
impacts, SWST accreditation streamlines workforce training
by ensuring that graduates possess the necessary skills and
knowledge for the forest products industry. This reduces the
extent of necessary on-the-job training and allows employers
to hire graduates that are more workforce ready. Accredited
programs produce graduates who are equipped to drive innova-
tion, develop new technologies, and contribute to the growth
and sustainability of the forest products industry.

Finally, SWST accreditation plays a crucial role in promoting
sustainable practices in the forest products industry globally.
SWST-accredited programs incorporate principles of sustain-
able forestry into the curriculum, educating students about
responsible forest management, conservation, and biodiversity.
The standard encourages coverage of development topics such
as life-cycle assessment, a tool used to evaluate the environ-
mental impact of products and processes throughout their
entire life cycle. Similarly, circular economy is a topic being
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embraced by programs in their course coverage, emphasizing
to students the topics of waste reduction, reuse, and recycling
in the forest products industry.

SWST accreditation aligns with the United Nations Sustainable
Development Goals (SDGs), particularly SDG 9 (industry,
innovation, and infrastructure), SDG 12 (responsible con-
sumption and production), and SDG 15 (life on land) (United
Nations General Assembly 2015). It helps ensure that curricula
include aspects of the SDGs so that graduates can contribute
to achieving those goals. By promoting sustainable practices,
accredited programs contribute to global sustainability efforts.

Accreditation standards, procedures, and
guidelines

SWST independently evaluates programs that choose to under-
go the accreditation process. The evaluation process is flexible
to accommodate recognition of professional bachelor’s degrees,
bachelor’s degrees, and master’s degrees and how these degrees
can vary based on program characteristics and requirements,
country, etc. The three objectives of these evaluations are: (1)
improve the quality of education through self-assessment and
external review; (2) recognize global institutions that meet or
exceed minimum requirements set by SWST; and (3) promote
and encourage coverage of knowledge essential for practicing
scientists and technologists (SWST 2025). Accreditation as-
sessment ensures that the environment, facilities, faculty, and
infrastructure are sufficient for a program to produce competent
graduates with a firm grasp of the tenets of materials science
and technology and with a well-rounded education. The core
of an SWST-accredited program requires inclusion of a funda-
mental understanding of renewable materials as well as basic

materials science, including raw materials biology, physical
properties, mechanical properties, and chemical characteristics
and properties. It is also suggested that the program covers other
materials and includes properties of these materials in their
basic materials science coursework. Table 3 outlines several
key areas in which students in an accredited program may
focus. The standard requires students to develop a foundation
in at least one of these areas (SWST 2025).

The essential components of SWST-accredited programs in-
clude a rationale and purpose, as well as goals and objectives
to achieve its mission; educational objectives that are consis-
tent with the institution’s mission and SWST accreditation
standards; a process for establishing educational objectives
that responds to the needs of program constituencies; and an
evaluation process that measures performance based on the
SWST accreditation standards and uses the results to improve
the effectiveness of the program.

In terms of the procedures for the accreditation to take place,
a renewable materials program may request review for initial
accreditation by SWST when it has operated a professional
bachelor’s, bachelor’s, or master’s program meeting SWST
criteria for at least five years. Comprehensive self-study and
self-evaluation are essential first steps in the accreditation
process. The goal of the self-evaluation is to demonstrate
compliance with SWST accreditation standards, determine
accountability, and form the basis for program planning and
improvement. To be valuable, a self-evaluation must be can-
did, realistic, and assesses all aspects of the program(s) under
review. An annual report is required from each accredited
program, which includes a summary of important changes
and accomplishments that have occurred during the past year.

Table 3. Key areas in which students must build foundational knowledge (SWST 2025).

Topic Areas Description

1. Harvesting, processing and manufacturing of
renewable materials

2. Environmental impacts, assessment and sustainability

3. Bioenergy and bioconversion

Processing renewable materials from harvest into valuable products.

Covers life cycle analysis, carbon storage, certification, safety, standards, and legal issues.

Processing renewable materials is energy-intensive but offers efficiency gains. Understanding

energy delivery, environmental impacts, life cycle analysis, and policies is essential.

4. Business and entrepreneurship

5. Growth and management of renewable materials (e.g.,
forestry/forest sciences)

6.  Sustainable building materials and construction

methods and management environment.
7. Renewable materials science and engineering

8. Pulp, paper and packaging sciences
operations.

Covers business, finance, marketing, and entrepreneurship in renewable materials.

Managing renewable materials for sustainability while meeting societal needs.

Explores renewable construction materials, their impact on daily life, business, health, and the

Deepens science and engineering knowledge for graduate studies or research careers.

Pulp, paper, and packaging studies cover processes, sustainability, and engineering for industry
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The role of SWST accreditation in the forest
products industry

SWST accreditation plays a significant role in ensuring the
competence and readiness of graduates entering the forest prod-
ucts industry (Rice 2010). By setting standards for curriculum
and competencies, SWST ensures that graduates possess a firm
grasp of materials science and technology and a well-rounded
education. Accreditation helps to improve the quality of profes-
sional education in wood science and technology through self-
assessment and external review. Accreditation also recognizes
institutions that meet or exceed minimum requirements set by
SWST. Accreditation standards define a profession and provide
accountability to those standards and promote competency
among the graduates of those programs (SWST 2025).

SWST accreditation standards can incorporate needs assess-
ments to identify gaps in innovation capacities and skills
within the forest sector. Innovation is crucial for tackling
global challenges and achieving SDGs within the forest sec-
tor, as emphasized in the “State of the World’s Forests 2024”
report of the UN Food and Agriculture Organization (FAO
2024). This provides a strong rationale for the importance of
high-quality wood science and technology education that can
foster such innovation. Global wood production is at record
levels, approximately 4 billion m® per year. Projections indicate
significant increases in wood demand by 2050 (FAO 2024).
These data points underscore the need for a skilled workforce
to manage forest resources and production sustainably, which
can be enhanced through SWST accreditation.

The world forest sector has developed unequally across regions,
with North America and Europe leading in the forestry value

Table 4. SWST accredited programs worldwide.

chain. Developed countries have achieved higher production
efficiency through advanced technologies, enabling them to
create more income with fewer jobs, compared to developing
countries (Li et al. 2019). This suggests that wood science and
technology education should be tailored to regional needs and
focus on improving production efficiency and value addition
in developing economies.

Ultimately, accreditation is a signal to employers that graduates
from a program possess foundational knowledge of wood as a
material, a knowledge base lacking from graduates of almost
any other program. While employees with other backgrounds
learn about wood through on-the-job experience, their lack of
foundational wood science and wood technology knowledge
limits their effectiveness in problem solving when faced with
the idiosyncrasies and complexities of wood as a material.

Internationalization of SWST accreditation

The Society of Wood Science and Technology strives to uphold
its vision of becoming the world leader in advancing the profes-
sion of wood science. Its initial focus on only North America
has now become global in nature (Armstrong 2014). SWST is
poised to expand its global reach. As of February 2025, there
were a total of 12 SWST accredited programs worldwide
(Table 4). China is an important country with three accredited
programs and one undergoing evaluation in 2025. There are
seven accredited programs in the United States and one in
Mexico. Accreditation is active for the duration of 10 years,
with re-accreditation required at that time. A yearly update
report is required of all programs to maintain accreditation.

SWST accreditation standards are comparable to regional
frameworks, such as the European Higher Education Area,

Program reviewed Country Initial accreditation Most recent Expires
North Carolina State University, Raleigh USA 1984 2015 2025
Virginia Polytechnic Institute and State University, Blacksburg USA 1985 2015 2025
Mississippi State University, Starkville USA 1987 2023 2034
West Virginia University, Morgantown USA 1989 2019 2029
Oregon State University, Corvallis USA 1990 2023 2024
University of Maine, Orono USA 1993 2013 2024
University of Idaho, Moscow USA 1996 2015 2025
Nanjing Forestry University, Nanjing, Jiangsu China 2017 2017 2027
Zhejiang A & F University, Lin’an, Hangzhou China 2018 2018 2028
South China Agricultural University, Guangzhou China 2019 2019 2029
Inner Mongolia University, Hohhot, Inner Mongolia China 2024 2024 2034
University of Guadalajara, Guadalajara* Mexico 2024 2024 2034

* Accredited MS degree only
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ensuring that accredited programs meet international bench-
marks for quality and relevance. Additionally, SWST accredi-
tation plays a role in reducing skill gaps across emerging and
developed economies by providing a standardized framework
for wood science and technology education. This ensures that
graduates possess the skills and knowledge needed to contribute
to the global forest products industry.

Lessons learned from SWST accreditation
reviews

This section presents a synthesis of accreditation visit reports,
offering insights into how these evaluations are shaping edu-
cational practices and fostering stronger connections with the
forest products industry. The following reflects observations
from site visits to five programs (three in the U.S., two outside
U.S.) that were accredited during 2023-2024. It is important to
note that these observations should be interpreted in context.
The accreditation visits involved different accreditation teams,
institutions with varying missions, resources, and institutional
policies, and programs operating within distinct national,
regulatory, and cultural contexts. As such, the observations
are not intended for direct comparison or generalization, but
rather to provide illustrative insights into recurring themes and
experiences encountered during recent accreditation activities.

The accreditation journey begins with an extensive self-study,
where institutions document their strengths, challenges, and
strategic visions in aligning with SWST standards. This pre-
paratory phase includes data collection, stakeholder engage-
ment and pre-visit readiness. This foundational work sets the
stage for on-site evaluations, which are crucial for validating

self-reported data and offering real-time feedback. During the
accreditation visit, evaluation panels conduct detailed tours of
facilities and research laboratories, observe live demonstrations
of teaching practice, and hold interviews with key stakehold-
ers. Evaluation panels use a set of well-defined SWST criteria
to systematically assess institutional performance. This dual
focus on recognition and constructive feedback underscores the
accreditation process as both an evaluative tool and a roadmap
for continuous improvement.

Table 5 is a summary of general strengths and areas for im-
provement among SWST-accredited programs, based on evalu-
ation data collected from December 2023 to December 2024.
A checkmark (V) indicates that the respective strength or
improvement area was identified during the program’s self-
assessment, site visit, or peer review process. The “Total (v')”
column represents the number of programs reporting each item.

SWST accreditation reviews across various institutions have
revealed both shared strengths and recurring challenges that
can serve as valuable guidance for prospective or develop-
ing programs. Among the most notable strengths are strong
stakeholder relationships, where programs typically maintain
close ties with partners, alumni, and government bodies. This
results in robust internship pipelines, collaborative research
opportunities, and enhanced student employability. Another
strength lies in the provision of adequate resources and facili-
ties, including up-to-date laboratories and dedicated spaces for
hands-on learning. Additionally, faculty members are typically
described as dedicated, collaborative, and committed to student
success, forming a strong backbone for academic quality.

Table 5. Summary of general strengths and areas for improvement of SWST accredited programs during the period of December 2023 to

December 2024.

Strengths US. 1 US.2 US.3 Non-U.S. 1 Non-U.S. 2 Total (V)
Strong stakeholder relationships N4 v v V4 X 4
Adequate resources and facilities v v X v X 3
Dedicated and collaborative faculty 4 4 4 X X 3

Areas for improvement U.sS. 1 U.s.2 U.S. 3 Non-U.S. 1 Non-U.S. 2 Total (V')
Low enrollment numbers v v v N4 X 4
Need for recruiting strategies v v X V4 X 3
Curriculum enhancement v v v X X 3
Faculty development and diversity v X X X X 1
Administrative and program support X v X v X 2
Assessment and evaluation v X X X X 1
Facilities X X X X v 1

(V) = the respective strength or improvement area was identified during the program’s self-assessment, site visit, or peer review process. “Total (V') column represents the number of

programs exhibiting each item.
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However, several key areas for improvement emerge. Low
enrollment remains a common concern, often driven by limited
public awareness of the discipline. While accreditation alone
does not directly increase enrollment, SWST accreditation
can serve as a strategic asset for programs seeking to enhance
visibility and student recruitment. Accreditation provides an
externally validated mark of quality that can be leveraged
in institutional marketing, industry engagement, and stu-
dents advising to differentiate wood science programs from
broader or less specialized offerings. In addition, alignment
with SWST standards can strengthen industry partnerships,
internship pipelines, and graduate employability narratives,
which are increasingly important factors influencing student
enrollment decisions. Programs are encouraged to invest in
targeted outreach and digital engagement strategies. Curriculum
modernization is another pressing need, with calls to better
integrate emerging topics such as circular economy principles,
digital fabrication, and renewable materials innovation. Faculty
development and diversity are also flagged as critical areas,
requiring support for professional growth and inclusive hir-
ing practices.

Administrative limitations, including understaffing and com-
munication gaps, can hinder program efficiency and growth.
Strengthening internal communication channels and clarifying
staff roles can mitigate these issues. Lastly, a consistent need
for improved assessment practices has been noted, underscor-
ing the importance of clear learning outcomes, robust data
collection, and continuous quality enhancement.

By understanding and proactively addressing these lessons
from past accreditation reviews, new and existing programs in
wood science and renewable materials can position themselves
for long-term success and impactful contributions to the field.

Prospective programs in wood science and renewable materi-
als can thrive by proactively addressing these common chal-
lenges. Leveraging strengths such as stakeholder partnerships
and faculty dedication, while planning strategically around
enrollment, curriculum, and program infrastructure, will po-
sition new or evolving programs for long-term success and
meaningful impact.

Future trends

SWST accreditation ensures the relevance and future-readiness
of wood science and technology education by addressing
contemporary issues such as sustainable development, bio-
economy, and technological advancements. As sustainability

and bioeconomy gain importance, there is a growing demand
for professionals skilled in materials science, industrial ecol-
ogy, markets, biomaterials, bioenergy, regulatory policies,
green building materials, and business management (Rice
2010). Programs are evolving to incorporate biomaterials,
bioproducts, green materials, and biosystems engineering,
while addressing environmental and ecological concerns.
Recognizing wood’s key role in bioeconomy, SWST has high-
lighted its significance in the building sector, which has one
of the highest ecological footprints and the greatest potential
for reducing climate impacts.

As for technological advancements, Industry 4.0 and the
emerging Industry 5.0 technologies provide significant po-
tential in the wood sector to extract relevant information and
improve the management of the entire supply chain (Weiss
et al. 2021). These optimization technologies are applied to
material science such as wood-based materials, including
wood modification, real-time monitoring of wood properties,
and defect detection using sensor-based monitoring. The use
of technology can optimize sawing and production processes
(Molinaro and Orzes 2022). Furthermore, the integration of
augmented reality in the harvesting process can help optimize
the harvesting process and improve efficiency.

When adapting to changing demands, SWST accreditation
standards will continue to require a fundamental understanding
of wood as a material. SWST changed its guidelines in 2005
to what is termed “outcomes-based’ assessment for programs.
Under this approach, the program being accredited must show
“demonstrated competencies” in specific areas. The challenges
cited have resulted in several programs in the United States
revamping their curricula (Rice 2010). A 2023 change to the
standard allowed accreditation of MS-level programs, with the
University of Guadalajara being the first to achieve MS degree
accreditation. This change was partially motivated by a focus on
the multiple MS programs across Europe. Accordingly, greater
efforts will be placed on identifying potential institutions across
Europe, and globally, with MS programs focused on wood.
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Abstract: Hinoki (Chamaecyparis obtusa) and Sugi (Cryptomeria japonica) are two promising softwood species
gaining attention beyond their traditional use in Japanese residential construction. Following the establishment
of design values through in-grade testing and their inclusion in the American Wood Council (AWC) National
Design Specification (NDS) Supplement, further evaluation of their connection performance is essential to
increase the information about the two species of wood and support broader adoption, particularly in the U.S.
construction market. This study characterized the connection performance of these species through a series of
standardized tests: withdrawal resistance, lateral resistance, and dowel bearing strength. The objectives were to
characterize the yield behavior, withdrawal capacity, and bearing strength of fasteners embedded in the species,
and to evaluate the relevance of the predictive equations provided in the NDS for wood construction within the
context of the experimental findings. The experimental results demonstrated species-specific differences in
withdrawal and lateral resistance performance, with both species exhibiting consistent failure modes in agreement
with NDS yield mode predictions, primarily modes IlIs and IV. Dowel bearing strength showed a similar trend
to withdrawal behavior, with the species generally exhibiting higher bearing strength values that those predicted
by current design equations. While the results were conservative, they indicate that designers can safely employ
the current equations for connections in both Hinoki and Sugi. These findings contribute essential connection
performance data to support the structural application of Hinoki and Sugi in mainstream construction.
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Introduction

In the United States, wood has long served as one of the most
versatile building materials and the backbone of residential
construction, where nearly all new single-family houses and
low rise multifamily residential structures are constructed
using wood framing and sheathing (McKeever 2009). The
structural performance of wood combined with its environ-
mental benefits, such as carbon sequestration, secure its place
in modern sustainable building strategies. Timber structures
can be prefabricated for on-site assembly or traditionally built
in place using conventional framing methods and mechanical
fasteners. As in all structural systems, the load-bearing capacity
of timber constructions is usually governed by the capacity at
the joints (Harte 2009).

Connections are central to the structural integrity of wood-based
constructions. The performance of these connections deter-
mines the overall performance of the structure. The American
Wood Council (AWC) National Design Specification (NDS)
for wood construction (AWC 2024) prescribes methods to
design dowel-type fasteners, including nails, bolts, and wood
screws. A dowel-type fastener commonly undergoes two kinds
of loading scenarios: one is dominated by lateral loading of
connections and the other leads to withdrawal from the framing
member. The NDS (AWC 2024), as well as the Forest Products
Laboratory (FPL) Wood Handbook (FPL 2021), provide empiri-
cal equations for determining allowable withdrawal strength
and fundamental methods for designing and evaluating dowel
connections. They include design criteria such as yield mode
equations and empirical relationships between dowel bearing
strength, specific gravity (G), and the bending yield strength
of common dowel-type fasteners. The underlying formulations
are based on the European Yield Model (EYM), proposed by
Johansen (1949), and were later incorporated into the NDS
(AWC 2024). Studies have evaluated the lateral load carrying
capacity, withdrawal and dowel bearing strength of common
and novel wood-based building material to foster their use
in structural applications (Miyamoto et al. 2020; Morris et
al. 2018; Sinha and Avila 2014; Sinha and Miyamoto 2014;
Zarnani and Quenneville 2014)

Hinoki, or Japanese cypress (Chamaecyparis obtusa), and Sugi,
or Japanese cedar (Cryptomeria japonica), are being considered
for construction application beyond Japan. Combined, the
two species are the most planted coniferous species in Japan,
with their production volume by tree species totaling 73.4% in
2022 (Annual Report on Forests and Forestry in Japan 2023).
Both species have been utilized in residential construction,

particularly for wall paneling and structural posts (Huang
et al. 2021). Recently, they were approved by the American
Lumber Standards Committee to be included in the National
Design Specification supplement as per the Pacific Lumber
Inspection Bureau (PLIB 2024). To expand their application
potential, particularly in the United States construction mar-
ket, additional evaluation of their structural performance is
required. One such evaluation is to characterize connection
behavior for these species.

The overarching goal of this study was to evaluate the con-
nection properties of Hinoki and Sugi for use in U.S. wood
construction. Although both species are currently recognized
in U.S. building codes, existing research has largely focused
on their fundamental mechanical properties, with little to no
investigation on the performance of structural connections
involving these species. This study aimed to address that gap
by experimentally characterizing the performance of common
wood connections fabricated using these species and evaluate
how well the results correlate with predictive methods based on
specific gravity, as applied in U.S. specifications and contexts.
The specific objectives of this study were as follows:

1. Characterize dowel withdrawal from Hinoki and Sugi at
the single-fastener level with common dowel connections.

2. Characterize the dowel bearing behavior of Hinoki and
Sugi using a range of dowel sizes up to 25 mm.

3. Characterize the performance of Hinoki and Sugi single-
fastener framing connection using a sheathing side member
and common framing nails.

4. Determine failure modes and connection strength for both
species using standardized methods, including ASTM
D5764 Standard Test Method for Evaluating Dowel-
Bearing Strength of Wood and Wood-Based Products
(ASTM International 2024) and NDS-based methods
(AWC 2024), to generate experimentally validated data
supporting the reliable use of Hinoki and Sugi in U.S.
structural design applications.

Materials and methods

Materials used in this study included Hinoki and Sugi lumber
imported from Japan for a separate, larger research project.
Specimens were fabricated from defect-free sections of panels
previously tested in that project, with knots, splits, and other
defects excluded. As per reporting from the Pacific Lumber
Inspection Bureau (PLIB), the specific gravities of the two
species are 0.45 (Hinoki) and 0.36 (Sugi) for design (PLIB
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2024). Identical test procedures, fastener types, side material,
and numbers of test repetitions were applied to both species
(Table 1)

Withdrawal test

Fasteners used for withdrawal tests consisted of nails and
screws: 8d common nail (64 mm x 3.3 mm), 16d box nail
(89 mm %xx 3.4 mm), 20d common nail (101 mm % 5.16 mm),
16d ring-shank nail (89 mm X 4.11 mm), and #6 wood screw
(50 mm x 2.7 mm). The withdrawal tests involved nails be-
ing pulled individually across the edge face of the specimen.

Withdrawal tests were carried out across a large specimen’s
edge face measuring 38 mm x 184 mm (2 x 8 inches) with
the fastener installed in the 38 mm face of the wood section.
As specified in ASTM D1761 Standard Test Methods for
Mechanical Fasteners in Wood and Wood-Based Materials
(ASTM International 2020), all fasteners were installed to a
minimum depth of nine times the diameter. The wood screw
was tested at this depth, while the nails, both smooth and
ring-shank, were tested such that approximately 25 mm of the
fastener was exposed above the wood. Testing was conducted
using an Instron Universal Testing Machine (UTM) with a
100 kN capacity by applying a displacement-based loading
protocol (Figure 1a). The moving crossarm of the UTM was
connected to the nail head and raised at a constant rate of

Table 1. Test matrix for connection tests for Hinoki (Chamaecyparis obtusa)
and Sugi (Cryptomeria japonica).

Test Fastener Side Material (I:Ifu]r}; :;r
8d common nail N/A 36
16d box nail N/A 36
Withdrawal 20d common nail N/A 36
16d ring-shank nail N/A 36
#6 wood screw N/A 36
;iti:izzce 8d common nail 12';1}11131021(1/2”) 10
3.5 mm dowel parallel N/A 10
3.5 mm dowel perpendicular N/A 10
6 mm dowel parallel N/A 10
6 mm dowel perpendicular N/A 10
Dowel 13 mm dowel parallel N/A 10
bearing
13 mm dowel perpendicular N/A 10
19 mm dowel parallel N/A 10
19 mm dowel perpendicular N/A 10
25 mm dowel parallel N/A 10
25 mm dowel perpendicular N/A 10

2.54 mm/min, per ASTM D1761 (ASTM International 2020).
Testing was stopped after the peak load was attained and the

load subsequently declined.

Figure 1. Connection tests set up (a) withdrawal; (b) dowel bearing; (c) lateral resistance.
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The withdrawal strength (WS) was calculated using the expres-
sion per ASTM D5764 (ASTM International 2024).

Ppeak [1]

WS = I

where P,,m = max force observed in withdrawal test; and L =

k
length of the nail that was embedded into the wood specimen.

Lateral resistance test

Lateral resistance tests were conducted by securing the lumber
to the fixture and applying a transverse load to the fastener
or member until failure. Sheathing used for lateral testing
was derived from 12.5 mm plywood 2440 mm x 1220 mm
sheets. The lateral resistance test specimens consisted of the
defect-free sections of both Hinoki and Sugi species of 38 x
140 mm (2 x 6 inches) and a side member of 13 mm (1/2 inch)
plywood. An 8d common nail was driven through the plywood
side member into the narrow 38-mm wide face of the lumber.
The nail was installed fully into both members, with care to
avoid any overdriving into the plywood. This study closely
follows ASTM D1761 (ASTM International 2020) to ensure
comparability with existing data for North American wood
species (Figure 2).

T

Plywood\

8d common nail

\Hinoki/Sugi Specimen

38—

Figure 2. Schematic of lateral connection (dimensions in mm).

The tests were conducted using an Instron UTM with a 100 kN
capacity by applying a displacement-based loading protocol
(Figure 1b). The moving crossarm of the UTM was attached to
the plywood side member and was raised at a constant rate of
2.54 mm/min, per ASTM D1761 (ASTM International 2020)
until force resistance in lateral testing reached 80% of peak
load. At this stage, testing was halted and the corresponding
failure modes were documented.

The yield load is determined using the 5% offset method
prescribed in the NDS (AWC 2024) as shown in Figure 3. In
the 5% offset method, first the initial stiffness is determined
as the slope of the linear portion of the load deflection profile.
That slope is offset by 5% of the dowel diameter on the x-axis.
The yield point is then defined as the intersection between the
offset line and the test data.

Dowel bearing test

Dowel bearing strength was determined following ASTM
D5764 using the half-hole method (ASTM International 2024).
Due to the orthotropic nature of wood, the dowel strength
can differ with respect to the grain direction. As such, tests
were conducted with the dowel bearing both parallel and per-
pendicular to the grain direction for dowel diameters of 3.5
mm, 6 mm, 13 mm, 19 mm, and 25 mm. All specimens were
prepared in accordance with geometric guidelines outlined in
ASTM D5764.

Dowel bearing tests were conducted using the previously
mentioned UTM (Figure 1c). Each specimen was prepared
from clear lumber sections with a half-hole routed into the edge
that was of equal diameter to the dowel for that test series. The
crossarm of the UTM compressed the dowel into the half-hole
at arate of | mm/min, per ASTM D5764 (ASTM International
2024). Testing was concluded when the dowel became fully

5000 T T | E— T T 7
+ TestDala

= = = Initial Stiffness

- - ~5% Offset

4000 [

3000

Force (N)

2000

1000 -

0 0.5 1 1.5 2 25 3

Displacement (mm)

Figure 3. Graphical depiction of 5% offset method used for both lateral
resistance and dowel bearing.
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embedded within the wood specimen. This stage was identi-
fied by the onset of a second region of approximately constant
stiffness in the force—displacement response, as illustrated in
Figure 3. Dowel bearing (DB) strength was calculated us-
ing the 5% offset method, following ASTM D5764 (ASTM
International 2024).

F. yield [2]

DB =
DL

where DB is the dowel-bearing strength (MPa); F = yield
load (N) determined at the point at which the 5% offset line
intersects with the experimental data; D = diameter (mm)
of the dowel; and L = length (mm) of the specimen (ASTM
International 2024).

Predictions based on NDS equations

The equations and parameters used to calculate yield perfor-
mance for each mode are presented in the National Design
Specification developed by AWC’s Wood Design Standard
Committee (AWC 2024), based on the EYM. The yield per-
formance of both Hinoki and Sugi connections were estimated
using the six yield modes presented in Table 12.3.1A of the
NDS (AWC 2024), with each mode corresponding to specific
components of the connection undergoing deformation. To
calculate yield strength and identify yield modes, several
input parameters are required. These include the geometry of
the main (framing) and side (sheathing members), the geom-
etry and material properties of the dowel, the dowel bearing
strengths of both main and side members, and the geometry of
the connection. All six yield modes are analyzed, and failure is
anticipated to occur following whichever yield mode is calcu-
lated with the lowest value. This critical mode and associated
load are the predicted yield mode and strength.

Results and discussion

Withdrawal
Hinoki

Fastener withdrawal resistance of Hinoki was determined
using the peak force from testing (Table 2). These values
were determined on a per embedment length basis and were
compared to equations using the geometry and type of dowel
fastener and the proposed specific gravity of Hinoki (0.44).
Experimentally determined withdrawal resistance of Hinoki
was compared with the NDS withdrawal design values given
on Table 12.2D of the NDS (AWC 2024). For 8d and 16d box
nails, the average withdrawal capacities for Hinoki were 34.7
N/mm and (coefficient of variation [COV]=21.8%) and 24.3

N/mm (coefficient of variation [COV] = 17.8%), respectively.
Corresponding values predicted by the NDS equation were 23.3
N/mm and 23.8 N/mm, respectively. For 20d common nails
and 16d ring-shank nails, the average withdrawal resistance
was 29.2 N/mm (coefficient of variation [COV]=21.8%) and
69.8 N/mm (coefficient of variation [COV] = 10.6%), respec-
tively, while the NDS equation predicted 33.3 N/mm and 54.7
N/mm, respectively. In comparison, studies have reported
average nail withdrawal capacities of 26.78 N/mm for juniper
wood (Morris et al. 2018) and 28.75 N/mm for Douglas-fir
(Wang et al. 2011). For wood screws, the average withdrawal
resistance was 92.7 N/mm (coefficient of variation [COV]
= 8.2%), whereas the NDS equation predicted a withdrawal
capacity of 73.3 N/mm (AWC 2024). As shown in Table 2,
the predicted values for both nails and wood screws were in
close agreement with the observed values.
Sugi

Fastener withdrawal resistance of Sugi was determined using
the peak force from testing and is presented in Table 3. These
values were determined on a per embedment length basis and
were compared to equations using the geometry and type of
dowel fastener and the specific gravity of 0.36. The withdrawal
strength comparison between experiment results and predic-
tions derived from NDS equation can be seen in Table 3. The
experimentally determined withdrawal resistance of fasteners
in Sugi was compared with the NDS withdrawal design values
presented in Table 12.2D of'the NDS (AWC 2024). For 8d and
16d box nails, average withdrawal capacities of 13.6 N/mm
(COV =33%)and 11.6 N/mm (COV = 20.4%) were measured,
respectively, while the corresponding NDS predictions were

Table 2. Hinoki withdrawal summary.

Fastener Type A\fg. withdrawal COV  NDS predicted values
resistance (N/mm) (%) (N/mm)

8d box nail 34.7 21.8 23.3

16d box nail 243 17.8 23.8

20d common nail 29.2 21.8 333

16d ring-shank nail 69.8 10.6 54.7

#6 wood screws 92.7 8.2 73.3

Table 3. Sugi withdrawal summary.

Fastener Type A\fg. withdrawal COV  NDS predicted values
resistance (N/mm) (%) (N/mm)

8d box nail 13.6 33 13.8

16d box nail 11.6 20.4 13.6

20d common nail 14.4 20.6 16.8

16d ring-shank nail 40.0 10.3 26.5

#6 wood screw 543 8.1 45.9
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13.8 N/mm and 13.6 N/mm, respectively (AWC 2024). Average
withdrawal resistances for 20d common nails and 16d ring-
shank nails were 14.4N/mm (COV = 16.8%) and 40.0 N/mm
(COV =26.5%), respectively, compared with NDS-predicted
values of 16.8 N/mm and 26.5 N/mm, respectively. The values
observed in this study are comparable to the average withdrawal
resistance of 16.03 N/mm reported for hybrid poplar by Sinha
and Avila (2014) and 14.2 N/mm reported by OWIC (2011).
Wood screws exhibited an average withdrawal resistance of
54.3 N/mm (COV = 8.1%), whereas the NDS equation predicted
a withdrawal capacity of 45.9 N/mm (AWC 2024). Overall,
as summarized in Table 3, the NDS-predicted values (AWC
2024) were in reasonable agreement with the experimentally
measured withdrawal resistance for Sugi, with close agreement
for most fasteners and more conservative estimates observed
for the 16d ring-shank nails and wood screws.

Dowel bearing
Dowel bearing (Hinoki)

A summary of results and associated COVs from the dowel
bearing tests for Hinoki (at an average specific gravity of 0.44)
in the parallel and perpendicular direction are presented in
Table 4. The dowel bearing tests were analyzed using the 5%
offset method to determine the dowel bearing strength. The
dowel bearing strength showed a similar trend to the previous
withdrawal results, with the Hinoki typically exhibiting higher
dowel bearing values than those predicted by equations from
the NDS (AWC 2024), as shown in Figure 4. Strengths parallel
to grain tend to be greater than those perpendicular; this is a
common trend because of the anatomy of wood.

The results for dowel bearing between 6 mm and 25 mm in
the parallel direction aligned well with the values from the
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Figure 4. Variation in dowel bearing results of Hinoki perpendicular to grain
with overlaid line of empirical Wood Handbook equation.

empiric equations, with in total a 3% difference between the
experimental and analytical results. Tests completed with 3.5
mm diameter dowels did not show a difference of 60%. These
results were unexpected due to previous models suggesting that
the direction is insignificant at small dowel sizes. The larger
dowel (6-25 mm) bearing strength diverged for the perpen-
dicular direction, with smaller diameter fasteners aligning well
with the equation and diverging as diameter increased. The
dowel bearing strength observed for Hinoki was comparable
to the dowel bearing strength of Douglas-fir (37.12 MPa)
reported by Kent et al. (2004). While the results for this were
conservative, this would suggest that a designer could safely
design connections in Hinoki using the current equations.

Dowel bearing (Sugi)
The dowel bearing tests were analyzed using the 5% offset

method to determine the dowel bearing strength and are pre-
sented in Table 5. The dowel bearing strength showed a similar

Table 4. Hinoki dowel bearing strength experimental and Wood Handbook model data (FPL 2021).

Grain direction Dowilrr?::)meter Nomnz?rllil;l meter Dovxgzgza)lrmg COV (%) ND?&%ZZ;UOH Percent difference (%)
Parallel 35 35 27.21 12.2 25.27 7.68
Perpendicular 3.5 3.5 43.86 17.8 25.27 73.58
Both All 35.54 15 25.27 40.63
6.1 6.4 34.43 15.9 33.98 1.35
12.2 12.7 34.23 37.7 33.98 0.74
Parallel 18.8 19.1 33.75 224 33.98 -0.67
253 25.4 37.89 12.8 33.98 11.53
All 35.08 233 33.98 3.24
6.1 6.4 25.23 16.5 25.60 -3.68
Perpendicular 12.2 12.7 24.03 28.3 18.49 29.95
18.8 19.1 20.37 20.5 14.87 36.94
253 254 16.8 14.8 12.82 31.02
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trend to the previous withdrawal results, with the Sugi typically
exhibiting higher dowel bearing values than those suggested
by equations from the NDS (AWC 2024). This is illustrated
in Figure 5 for different dowel diameters tested.

The 3.5 mm dowel bearing tests revealed a distinct differ-
ence in strength between the parallel and perpendicular grain
directions, despite the governing equation not accounting for
grain orientation at this diameter. The average experimental
values in both directions exceeded the predicted value. For
dowel sizes between 6 mm and 25 mm loaded parallel to grain,
experimental results closely matched the empirical equation,
with only a 3% overall difference. However, in the perpen-
dicular direction, agreement with the equation decreased as
dowel diameter increased. Smaller dowels aligned well, but
larger dowels diverged, as seen in Figure 7. This indicates that
the current equations tend to underestimate bearing strength
at larger diameters. While conservative, these results suggest
that designers can safely use the existing equations for Sugi
connections.

Lateral resistance

For both Hinoki and Sugi, the lateral resistance tests ex-
hibited fairly consistent results, as summarized in Table 6.
Yield strength and displacement at yield were determined
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Figure 5. Variation in dowel bearing results of Sugi perpendicular to grain with
overlaid line of empirical Wood Handbook equation

using the 5% offset method, while stiffness was obtained from
the initial linear portion of the load-displacement curves for
Hinoki and Sugi, shown in Figure 6 and 7, respectively. The
ultimate strength obtained from the load-displacement curve
represents the maximum load that a connection can withstand
prior to failure. However, the design of connections is based
on the yield strength criterion (Sinha and Miyamoto 2014).
The yield strength observed for Hinoki was higher than that

Table 5. Sugi dowel bearing strength experimental and Wood Handbook empiric model data (FPL 2021).

Dowel diameter Nominal diameter

Dowel bearing

NDS equation

Grain direction (mm) (mm) (MPa) COV (%) (MPa) Percent difference (%)
Parallel 35 3.5 31.98 16.9 17.5 103.39
Perpendicular 35 35 18.22 20.7 17.5 15.90
Both All 25.10 18.8 17.5 59.65
6.2 6.4 29.14 21.4 27.8 11.00
12.2 12.7 32.11 12.3 27.8 22.28
Parallel 18.7 19.1 32.11 16.2 27.8 22.28
253 25.4 28.65 15.5 27.8 9.14
All 30.50 16.35 27.8 16.18
6.2 6.4 16.69 21.7 19.12 -6.52
12.2 12.7 15.89 15.2 13.5 25.37
Perpendicular
18.7 19.1 12.26 6.5 11.0 19.63
253 254 12.83 17.7 9.6 45.48

Table 6. Experimental lateral resistance results of Hinoki and Sugi with an 8d common nail and 12.5 mm plywood side member.

Displacement at

Ultimate strength Displacement at ultimate

Species Property Yield strength (N) yield (mm) Stiffness (N/mm) ™) (mm)
Mean 725.6 0.39 3159.5 2334.7 16.03
Hinoki
COV (%) 17 22.1 58.4 7 17
Sugi Mean 666 0.97 971.9 1165.7 12.0
ugi
£ COV (%) 10.6 25.9 454 16.8 67.3
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Figure 6. Load-displacement curve (Hinoki lateral test).
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Figure 7. Load-displacement curves (Sugi lateral test).

of Sugi, which may be attributed to Hinoki’s greater density
and its influence on the embedment strength of the material
surrounding the fastener (Huang et al. 2021). The coefficients of
variation (COVs) observed in this study were relatively low for
Hinoki (10.6%) and moderate for Sugi (17%). By comparison,
similar level of variability has been reported in past studies,
with COV in the range of 16% to 21% (Sinha et al. 2011; Sinha
and Avila 2014) and values of 17% to 28% (Kent et al. 2004).
Higher variability has also been documented, including COVs
of 22% to 34% (Morris et al. (2018).

Design value predictions based on NDS

Table 7 presents the average experimental yield strengths,
failure modes, and coefficient of variation for Hinoki and Sugi.
This allowed meaningful comparison between the experimental
results and the values predicted by the dowel bearing and NDS
equations (AWC 2024). Observed yield strength was dictated
by the 5% offset in testing. Both the dowel bearing and the
NDS prediction are derived using the equation presented in
Table 12.3.1A of the NDS Publication for Wood Construction,
which as previously noted, is based on the European Yield
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Table 7. Predictions using National Design Specification (AWC 2024) yield models for Hinoki and Sugi (N).

:’(ri:(li?ciit(r):;gth Observed Dowel bearing NDS prediction

Species Yield strength  Yield mode (6(0)% Yield strength ~ Yield mode  Designindex  Yield strength ~ Yield mode  Design index
Hinoki 726 IIIs, IV 17 727 1IIs 1.00 681 1IIs 1.07
Sugi 666 IlIs, IV 10 673 IIIs 0.99 613 1IIs 1.09

Figure 8. Yield modes observed. (a) Mode I1Is; (b) Mode IV.

Model (Johansen 1949). The values used are either the NDS-
predicted values, corresponding to the dowel diameter, or the
experimentally determined values from the dowel bearing tests.

To quantify the predictive accuracy, a design index, defined as
the ratio of observed to predicted yield load, was employed. A
design index greater than 1.0 indicates conservative or under-
prediction, while values less than 1.0 suggest overestimation.
For Hinoki, the design index was 1.00 for the dowel bearing
model and 1.07 for the NDS model (Table 7), indicating that
both approaches provided conservative estimates of connec-
tion strength. Similarly, Sugi exhibited design index of 0.99
and 1.09 for the dowel and NDS models, respectively, further
confirming that both models yielded safe and conservative
predictions

Previous studies by Sinha and Avila (2014) and Morris et al
(2018) have reported strong agreement between NDS predic-
tions and experimental results for various wood species, and the
present findings align with these observations, demonstrating
comparable agreement for Hinoki. This suggests that the NDS
model offers a reasonable approximation of yield strength
for common nail connections involving Hinoki and a typical
sheathing material.

In addition to predicting the yield strength, the NDS yield
model also identifies expected failure modes. For both Hinoki
and Sugi, the predominant observed yield modes were IlIs
and I'V. According to NDS definitions (AWC 2024), mode
IIIs corresponds to plastic hinging of the fastener within the

main (framing) member, while mode IV involves bending of
the fastener across both the framing and sheathing members,
accompanied by the formation of plastic hinges at characteristic
locations along the dowel (Figure 8).

The predicted and observed yield modes were consistent for
both Hinoki and Sugi. Mode I1Is and IVs were the predominant
failure modes observed experimentally, while the EYM pre-
dicted mode IlIs for both species. The occurrence of mode IV
in some cases may be attributed to factors such as the presence
of knots or manufacturing imperfections. Overall, the findings
suggest that the model provides a reliable prediction of both
yielding modes, and to a reasonable extent, the yield load for
connections involving Hinoki and Sugi.

Conclusion

This study evaluated the performance of Hinoki and Sugi in
dowel-type connections through withdrawal tests, dowel-
bearing strength measurements, and laterally loaded connection
tests with standard sheathing materials.

Experimental withdrawal tests characterized the behavior of
both species, demonstrating generally higher resistance than
predicted by NDS-based equations and confirming the prac-
tical reliability of these species at the single-fastener level.
Dowel bearing tests revealed that parallel-to-grain loading
aligned well with predictions, whereas perpendicular-to-grain
loading showed higher strength for larger dowels, suggesting
that current equations may underestimate bearing capacity in
some cases.
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Design indices confirmed that the models provided conserva-
tive and safe estimates of connection strength for both species.
Predicted and observed yield modes were consistent, with
experimental behavior reflecting expected failure mechanisms.
Collectively, these experimentally validated results support
the reliable use of Hinoki and Sugi in U.S. structural design
practices and provide guidance for the design of wood con-
nections using these species.
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Abstract: This study investigated the in-situ biomineralization of metal phytate in wood to improve the antifungal
and flame-retardant properties. Pine and aspen wood were impregnated with phytic acid and metal chlorides
(copper, aluminum, and iron) via two treatment pathways. Path-1 involved treating wood with metal chlorides
followed by phytic acid, while Path-2 involved the reverse order. Mass gain and accelerated leaching tests were
performed to assess the treatment retention, followed by soil-block decay testing against four wood-decaying
fungi and fire-related assessments on aspen via thermogravimetric analysis (TGA) and mass loss calorimeter
(MLC) test. Path-2 resulted in significantly higher initial mass gain than Path-1, but experienced more substantial
mass loss during leaching, indicating weaker fixation of PA-derived components. Before leaching, most treated
samples exhibited improved decay resistance, with mass loss values below 10%. However, decay resistance
decreased after leaching, indicating the importance of fixation stability for long-term durability. TGA showed
that treated samples before leaching exhibited earlier thermal degradation and higher residual char yield than
controls, while MLC measurements revealed reduced peak heat release rate, total heat release, and fire growth
index, as well as higher char residue. Importantly, these flame-retardant properties were largely retained even
after leaching. Overall, these results indicate that in situ metal-phytate formation can provide measurable
improvements in fire performance, while fungal protection remains dependent on treatment retention. Further
optimization of fixation chemistry is recommended to achieve more durable, bio-based wood protection.

Keywords: Metal phytate; Mineralization; Fungal resistance; Flame retardancy; Biobased wood protection.

Introduction

Wood is a widely available, renewable, and biodegradable con-
struction material with excellent structural performance, favor-
able strength-to-weight ratio, and low environmental footprint
(Zhu et al. 2016; Berglund and Burgert 2018; Jia et al. 2019).
However, its hygroscopic nature and abundance of nutrient-
rich polysaccharides make it highly susceptible to biological
degradation by fungi (Raberg et al. 2005). Additionally, wood’s
inherent flammability limits its safe use in modern infrastructure
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without proper protective treatments. Therefore, enhancing
both the bio-durability and fire resistance of wood remains
critical for broadening its safe and sustainable applications.

Halogen-based flame retardants (chlorinated and brominated
formulations) have historically been effective at improving fire
resistance through radical-quenching mechanisms (Liang et
al. 2013; Zhang et al. 2017). However, their combustion can
generate toxic gases and persistent pollutants, raising seri-
ous health and environmental concerns (Venier et al. 2015;
Kovacevi¢ et al. 2021; Ilyas et al. 2021). This has accelerated
the shift toward halogen-free and bio-derived flame-retardant
systems (Costes et al. 2017; Liang et al. 2023).
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Phytic acid (PA), a natural myo-inositol hexakisphosphate
abundant in seeds and grains, contains six phosphate groups
and exhibits high phosphorus content (~28 wt%) (Lottl et al.
2000; Viveros et al. 2000; Loewus 2001; Costes et al. 2017,
Génzle 2020). PA is recognized as a promising bio-based,
halogen-free flame retardant due to its strong dehydration
and char-forming capability (Guo et al. 2019). PA also has
strong metal-chelating ability, enabling the formation of metal
phytates, which are thermally stable salts capable of improv-
ing char structure and reducing flammable volatiles (Kremer
et al. 2020; Zhang et al. 2022). Prior studies demonstrate that
PA or metal phytates can improve fire performance and even
inhibit fungal growth in some cases (Wang et al. 2022; Liang
et al. 2024).

The fire performance of wood products was further improved,
especially when synergized with chitosan (Zhao et al. 2020;
Yang and Zhang 2022), protein (Li et al. 2021), urea (Antoun
etal. 2022), uracil (Zhang et al. 2021), silica (Chen et al. 2021;
Lin et al. 2023), polyelectrolyte complexes (Soula et al. 2021)
and other chemical formulations reported in recent studies
(Zhao et al. 2020; Tang and Fu 2020; Zhou and Fu 2020; Song
etal. 2022; Tian et al. 2023). For example, Zhang et al. (2022)
reported that metal-phytate-treated wood exhibited substantial
smoke-suppression and flame-inhibition effects, achieving
a 44.8% reduction in total heat release (THR) and a 92.0%
reduction in total smoke production (TSP) compared with
untreated wood. In another investigation, Zhang et al. (2023)
found that a modest ~13.5% weight gain of copper phytate
on the cell wall led to a 74.2% decrease in fire growth index,
85.4% lower smoke production, and a 33.3% decline in CO
generation. Furthermore, Fan et al. (2024) demonstrated that
applying phytic acid and zinc phytate to delignified wood via
vacuum-pressure impregnation significantly enhanced the
flame retardancy of Chinese fir, reducing THR from 55.66
MJ/m? to 5.90 MJ/m? and rapidly forming a compact, carbon-
ized barrier. These improvements have been attributed to the
synergistic dual-charring role of phosphorus and metal spe-
cies, combined with the catalytic graphitization promoted by
multivalent metal ions.

However, current research has primarily focused on fire per-
formance, while the bio-durability of metal-phytate-treated
wood, especially after leaching, remains insufficiently explored.
This knowledge gap is crucial because water solubility and
fixability strongly affect long-term performance in real-world
environments. Additionally, in-situ biomineralization of metal
phytates within the wood matrix is particularly advantageous,

as it is hypothesized to facilitate mineral formation within
cell walls and lumens, rather than solely on the surface. This
internal precipitation is expected to enhance the fixation of
phosphorus-metal species, minimize leaching, and produce a
compact char layer during combustion, unlike surface-applied
coatings or post-impregnation treatments. Furthermore, the
sequence of chemical application may influence how phytates
form and distribute within the wood structure, potentially
altering fixation efficiency and overall protective behavior.
Nevertheless, this has not been systematically investigated.

Inspired by recent phytate-based studies and existing knowl-
edge gaps, this study uses three different metallic salts, namely,
copper chloride, aluminum chloride, and ferric chloride, along
with phytic acid, to generate metal phytates in-situ within
samples of loblolly pine (Pinus taeda L.) and bigtooth aspen
(Populus grandidentata) sapwood through a simple two-step
impregnation process. Two different treatment pathways were
designed to mimic different orders of phytate formation in
wood. Path-1 involved treating wood with metal chlorides
followed by phytic acid, while Path-2 involved the reverse
order. The chloride salts of Cu?", AI**, and Fe*" were selected
for their high-water solubility, pronounced Lewis acidity, and
facile dissociation, representing both divalent and trivalent
systems. These characteristics allow a systematic assessment
of how cation charge density and coordination behavior in-
fluence in-situ precipitation and localization of metal-phytate
complexes within the wood structure. Additionally, due to
differences in ion charge and stereochemistry, the sequence
of addition may influence where solid metal-phytate deposits
within wood, thereby affecting the distribution, depth of the
deposit, and fixation efficiency.

Previous metal phytate/wood studies have demonstrated that
several different metal species can be incorporated into wood
to achieve excellent flame retardancy and smoke suppression,
often within a single wood substrate and a fixed impregnation
sequence. In contrast, the present study systematically compares
three PA-based metal systems, two formation pathways (metal-
PA vs. PA-metal), and two wood species (a softwood, loblolly
pine, and a hardwood, bigtooth aspen) within one experimental
matrix, while simultaneously assessing the leaching properties,
fungal durability, and fire-retardant performance. These features
allow us to examine how metal valence, solution acidity, and
reagent sequence collectively influence in-situ formation and
fixation of metal phytate complexes in wood, as reflected by
mass gain, accelerated leaching test, decay resistance test,
thermal stability, and mass loss calorimeter (MLC) test results.
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Materials and method
Materials

PA solution (PA, C H O, P, ca. 50% in water, ca. 1.1 mol/L,
TCIL, MW 660.03 g/mol), and three metal chlorides (denoted as
M-Cl), including copper (II) chloride dihydrate (CuCl,-2H,0,
99%, MW 170.48 g/mol), aluminum chloride hexahydrate
(AICI,-6H,0, 99%, MW 241.43 g/mol), and iron (III) chloride
anhydrous (FeCl,, 98%, MW 162.21 g/mol) were purchased
from Thermo Fisher Scientific Company, LLC (Waltham, MA,
USA). These chemicals were diluted with deionized (DI) water
into a PA solution of 0.0758 M and M-CI solutions of 0.5 M
at room conditions. The pH of all the treatment solutions is

shown in Table 1.

Two brown-rot fungi, Gloeophyllum trabeum (Madison 617/
ATCC 11539; G.t.), and Rhodonia placenta (Fr.) (ATCC#11538,
R.p.), and two white-rot fungi, Trametes versicolor (Linnaeus:
Fries) Lloyd, (ATCC#42462, Tv.), and Irpex lacteus (Fr.) Fr.
(ATCC#11245, 1.1) were obtained from ATCC and used in
the decay test.

Sapwood of the softwood, loblolly pine (525 + 32 kg/m?), and
the hardwood, bigtooth aspen (509 + 9 kg/m?), were cut into
wafers measuring 18 mm X 18 mm x 5 mm (R x T x L) for
fungal decay tests according to American Wood Protection
Association (AWPA) standard E22-22 (AWPA 2022). Aspen
blocks with dimensions of 100 mm x 100 mm x 10 mm (L
x T x R) were further prepared for the fire performance test.
All wood samples were conditioned at 60°C for 48 h or until
constant weight was reached before treatment.

Wood samples treatments

The wood samples were treated with two treatment solutions,
M-Cl solution (0.5 M) and PA solution (0.0758 M), sequentially
or in the reverse order, which were referred to as Path-1 when
the M-Cl solution was first impregnated and Path-2 when the
PA solution was first impregnated, as shown in Table 1. For
example, the wood samples that underwent treatment Path-1
were labeled as Cu-PA, Al-PA, and Fe-PA, depending on the
metal chloride used. Similarly, the wood samples treated in
Path-2 schemes were denoted as PA-Cu, PA-Al, and PA-Fe.
Wood samples vacuum-impregnated with only DI water served
as the control group.

The wood samples used for the durability test were sequen-
tially vacuum-impregnated with the treatment solutions (PA
and M-Cl, depending on the treatment path) at 10 kPa for 1
h. For the fire performance test, the aspen wood samples were

Table 1. Wood samples treatment paths.

Label after
Treatment path Ist step 2nd step Label leaching
Path-1 M-Cl salts PA M-PA M-PA-L
Path-2 PA M-Cl salts PA-M PA-M-L

Note: PA = phytic acid solution (0.0758 M, pH 0.92 + 0.03). M-Cl denotes metal chloride
solutions (0.5 M) prepared from FeCl,, AIC1,6H,0, and CuCl,2H,0, with pH values of
1.12£0.02, 2.30 £ 0.02, and 2.76 + 0.02, respectively.

first vacuum-impregnated with one of the treatment solutions
at a pressure of 10 kPa for 1 h, followed by a pressure im-
pregnation (827 kPa) with the second treatment solution for
30 min. Upon completion of the first treatment, the treated
wood samples were thoroughly washed under a continuous
flow of DI water, then carefully wiped before being subjected
to the subsequent treatment. After the second treatment, wood
samples were washed following the same process and were
then conditioned at 60°C for 48 h, until they reached a constant
mass, and the masses of the wood samples both before and
after each phase of the treatment procedure were documented,
and the mass gain of the wood samples was calculated by
employing Equation [1] below:

MT B MUT

x 100 % (1]
MUT

Mass gaingqqe (%) =

where M, and M represent the masses of oven-conditioned
wood samples before and after chemical treatment, respectively.
The mass gain calculation included 12 replicates per treatment
group. A detailed after-treatment mass gain plot for all treat-
ment groups is shown in Figure S1 (Appendix).

Accelerated leaching test

An accelerated leaching test was performed on half of the wood
samples in each treatment group, following the guidelines of
the AWPA E11-16 standard (AWPA 2022) with some modifica-
tions. Six replicates from each treatment group intended for the
durability test were immersed separately in 80 ml of deionized
water (wood-to-water volume ratio 1:8) in individual beakers
and vacuum-impregnated for 30 min. Likewise, three replicates
from each treatment group designated for the fire performance
test were immersed separately in 1200 ml of DI water (wood-
to-water volume ratio 1:4) and vacuum-impregnated for 30 min.
After impregnation, the leachate was discarded and replaced
with an equal volume of fresh DI water. The beakers contain-
ing the wood samples were then agitated at 100 rpm for 4 h at
room temperature, after which the leachates were again replaced
with fresh DI water. This process was repeated until a total of



120 Wood and Fiber Science, April 2026, V. 58(2)

nine leachates had been replaced. The wet mass of the wood
samples and their conditioned mass after oven-drying at 60°C
for 48 h were recorded to determine the mass gain after leach-
ing using Equation [2]. Wood samples subjected to leaching
under Path-1 were labeled Cu-PA-L, Al-PA-L, and Fe-PA-L,
while those under Path-2 were denoted PA-Cu-L, PA-AI-L,
and PA-Fe-L (Table 1). The control group before and after
leaching was designated control and control-L, respectively.

ML - MUT

Mass gaingge, (%) = %X 100% (2]

uT

Where M, and M, represent the masses of oven-conditioned
wood samples before chemical treatment and after leaching,
respectively.

Fungal decay test

The fungal resistance of the in-situ biomineralized phytate
wood samples (both before and after leaching) was evalu-
ated following the AWPA E22-22 standard (AWPA 2022),
with a minor adjustment to the sterilization procedure, as
mentioned by Alorbu et al. (2023). Briefly, all wood samples
were surface-sterilized by spraying with 70% ethanol and air-
dried in a biosafety hood for 90 min. Each treatment group
was subjected to a test fungus in soil culture bottles, with six
replicates per group. The culture bottles were then incubated in
the dark at 25°C and 75% relative humidity for 4 weeks. After
the exposure period, the mycelia from the decayed wood were
carefully removed by gentle brushing. The wet mass of the
decayed samples was recorded, followed by oven-conditioning
at 60°C for 48 h (or until a constant mass was achieved) to
obtain the post-exposure dry mass. The moisture content (MC)
and mass loss of decayed wood samples were determined using
the following two equations:

M, .. —M
Moisture content (%) = (Myet expo) x 100 [3]
Mexpo.
My — M
Mass loss (%) = (Myr expo) x 100 [4]
Myr

where M refers to the dry mass of wood samples after con-
ditioning (at 60°C for 48 h) before fungal exposure, whereas
M,,,, refers to the dry mass of wood samples after conditioning
(at 60°C for 48 h) following fungal exposure. M denotes the
wet mass of the samples after undergoing decay. The detailed
MC data of all the samples after the fungal decay test are
provided in Table S1 (Appendix).

Thermogravimetric analysis

The thermal degradation properties of control and treated as-
pen wood samples (before and after leaching) were analyzed
using thermogravimetric analysis (TGA) on a PerkinElmer
TGA-7 instrument (Shelton, CT) under nitrogen (N,) and air
atmospheres. The samples (about 5—6 mg under each treatment
group) were heated from room temperature to 800°C at a rate of
20°C/min under a gas flow of 30 mL/min. Thermogravimetric
(TG) and derivative thermogravimetric (DTG) curves were
recorded under both nitrogen and air atmospheres. The onset
degradation temperature was determined as the intersection
of tangents drawn at the baseline and the steepest part of the
primary mass-loss region. The maximum degradation rate and
its corresponding temperature (peak DTG) were identified from
the extrema of the DTG curve. Residual mass at 800°C under
N, and air was considered the final char/ash yield. All values
listed in Table 2 represent the mean + standard deviation of
three replicates per treatment group.

Mass loss calorimeter test

The fire performance tests on the Path-1 and Path-2 treated
wood blocks were conducted using the MLC (Fire Testing
Technology, United Kingdom). The tests were carried out at
an irradiation of 50 kW/m?, in accordance with the ISO 13927
standard. The peak heat release rate (pHRR), the heat release
rate (HRR), the total heat release (THR), and the amount of
mass loss were recorded and examined. The wood samples
treated with DI water alone were included as the control group
and evaluated alongside the other treated wood samples for
comparison.

Statistical analysis

The mass gain, mass loss, TGA, and MLC data were analyzed
using one-way analysis of variance (ANOVA) in SAS 9.4 (SAS
Institute Inc., Cary, NC) and R version 3.6.3. All statistical tests
were conducted at a 95% confidence level (a = 0.05). When
significant differences were detected, post hoc comparisons
were performed using Tukey’s pairwise test or the Games-
Howell test, depending on the homogeneity of variance.

Results and discussion

Mass gain

Mass gain of wood samples after treatment and leaching tests
is shown in Figure 1. The control samples treated with (DI)
water exhibited negative mass gains (pine: —0.88%; aspen:
—0.45%), which were significantly lower (p <0.05) than those
of all other treatment groups. Overall, irrespective of treatment
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Table 2. Onset temperature and residue of control and treated samples before and after leaching after the TGA test.
N, Air
Treatment Onset (°C) Degradation ra-t N Residue (%) 1% Onset (°C) 2" Onset (°C) Degradation raFe Residue (%)
at peak T (%/min) at peak T (%/min)

Control 344 + 1 -24.66 £ 0.06* 11 £1¢f 341+ 1° 469 + 2¢f -51.92 & 2.05%¢ 0+0"
Control-L 351 £4° -25.72 +£0.3% 8.1+1¢ 336+ 1% 480 + 2¢d -51.23 + 1.30" 0+0F
Cu-PA 307 £ 2t -32.69 £ 1.04<¢ 117/ 4= 12 304 £ 5¢ 507 £ 6° -50.85 +0.63° 0.4 £ 19
Cu-PA-L 340 & 1bd -35.50 £ 0.7¢ 11 +1% 324 + 2« 490 + 5* -52.43 +1.03% 0+0°
Al-PA 322+ 1% -23.38 £4.27° 14 & ]edef 316 £ 74f 462 + 6 -74.84 £ 0.94f 2.2+ 1%
Al-PA-L 342 & [ -30.68 £ 0.87¢ 11+£2f 329 + 3¢ 475 & 44t -57.62 & 3.39¢d 1.2 4 e
Fe-PA 336 & 10 -25.44 +£0.93® 15 + 1be¢ 309+ 1% 438 + 5i -35.29 £ 1.06* 1.6 £ 1bd
Fe-PA-L 337 £ 2bed -32.04 £+ 1.93« 12 £ [%f 315+ 19f 486 + 2bed -49.04 +0.76° 2+ 1%
PA-Cu 314+ 1 -32.42 +1.29% 18+ 12 298 & 2hi 430+ 6 -37.51£0.78* 2.8+ 1%
PA-Cu-L 322 £ 4% -35.38 +1.74¢ 14 + [edef 315+ 19f 451 £ 1M -47.28 £2.01° 0.3+ 1¢
PA-Al 323 £ 2°fe -21.95+1.13* 11745 1= 305 + 3¢ 459 & Q¢ -61.00 £ 0.58¢ 22+ 1%
PA-Al-L 330 =+ 34 -24.31 +0.98° 13 & 20 321 £ et 495 & 1 -61.92 + 0.88° 2+ 1
PA-Fe 333 o= 3 -25.18 £ 1.01* 15 2 qle= 289 + 5 381 + 13k -52.37 £+ 4.49%¢ 3.8+ 1
PA-Fe-L 336 & 40 -34.64 +1.50¢ 13 & 1% 312 £ 1<k 472 & 1%t -58.21 +£4.53¢% 2.1 £ 1%

type or pathway, pine samples exhibited mass gains that were
significantly higher (p <0.05) than for aspen samples. The only
exception was the Fe-PA groups, in which pine (3.67%) and
aspen (3.78%) showed no statistically significant differences
(p > 0.05). The greater mass gain observed in pine may be at-
tributed to the anatomical differences between softwood and
hardwood, as previously noted (Ding et al. 2008).

When comparing the two treatment pathways, Path-2 consis-
tently resulted in significantly higher mass gains (p < 0.05)
than Path-1 for both pine and aspen. Specifically, pine samples
treated under Path-1 and Path-2 showed mass gains of approxi-
mately 3.6%—4.5% and 6%—11%, respectively, while aspen
samples showed mass gains of about 1%-4% and 4%—6%.
Among all groups, the Path-2 PA-Al treatment produced the
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Figure 1. (a) Mass gain of pine samples before and after leaching test; (b) Mass gain of aspen samples before and after leaching test (n = 6).
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highest mass gains, reaching 11.16% in pine and 6.12% in
aspen (Figure 1).

However, after the accelerated leaching test, nearly all treatment
groups (except PA-Fe-L in pine, 0.56%) showed significantly
lower mass gains (p < 0.05) compared with their pre-leaching
values (Figure 1a,b), regardless of wood species. Among the
treatments, PA-Al and PA-Cu exhibited the greatest leaching
losses, as indicated by the pronounced reductions in mass gain
values. In contrast, the mass gains of Cu-PA-L and PA-Cu-L
samples did not differ significantly after leaching (p > 0.05)
for either pine or aspen. Overall, the leaching test revealed that
Path-2 treatments were more prone to leaching than Path-1
treatments.

The possible reason could be that under Path-2, the intro-
duction of metal ions into PA-saturated wood leads to rapid
complexation and precipitation near the wood surface, forming
surface-enriched metal-phytate deposits. This instantaneous
reaction can partially block lumens and pits, physically retain-
ing a larger amount of solids near the specimen surface and
resulting in a higher apparent mass gain. In addition, incom-
plete conversion of PA during the second treatment step likely
leaves a fraction of PA unreacted or weakly complexed, further
contributing to mass gain. However, these surface-localized
deposits and loosely bound PA species are more susceptible
to removal upon water exposure, leading to greater leaching
losses during the accelerated leaching test (Kremer et al.
2020; Marolt et al. 2020; Zhang et al. 2022). In contrast, under
Path-1, metal cations are first able to diffuse into the wood
structure and interact with negatively charged sites within the
cell wall. Subsequent introduction of PA may promote in-situ
precipitation at these pre-anchored locations, resulting in a
more uniformly distributed and better-fixed metal-phytate
network. Although this sequence may produce a lower initial
mass gain, it likely enhances fixation efficiency and reduces
leachability compared to Path-2 (Fan et al. 2024; Lebow 1996;
Zhang et al. 2023).

Bio-durability test

Figure 2 shows the extent of mass loss in both control and treat-
ed wood samples (with and without leaching) after a 4-week
exposure to the brown-rot (pine) and white-rot fungi (aspen).
In general, control samples exposed to fungal attack showed
an average mass loss ranging from 21%-34%. Similarly, the
control-L group exhibited mass losses of 24%—-38%, with no
significant difference (p > 0.05) compared to the control. The
substantial mass losses observed in the control groups can be

attributed to the leaching of extractives throughout the decay
exposure period (Sun et al. 2023).

In contrast, mycelial growth on treated samples was mark-
edly inhibited, relative to the controls, regardless of leaching.
Most treatment groups (both leached and unleached) exhibited
mass losses below 10%, which were significantly lower than
those of the controls (p < 0.05). However, exceptions were
observed. The Al-PA group showed an average mass loss of
14% when exposed to R.p. (p > 0.05). In addition, Cu-PA-L,
Al-PA-L, Fe-PA-L, PA-Cu-L, and PA-AI-L groups exposed to
R.p.; the Al-PA-L and PA-AI-L groups exposed to 1./.; and the
Al-PA-L group exposed to Tv. did not differ significantly from
the control-L group. Moreover, PA-Al and PA-Cu treatment
groups, which exhibited higher leachability and no significant
difference in post-leaching mass gains, also showed relatively
higher mass losses when exposed to R.p. Especially after
leaching, Cu-PA-L, PA-Cu-L, and PA-AI-L groups recorded
the highest mass losses under R.p. attack (Figure 2). These
findings indicate that R.p. was the most aggressive fungus
against the metal phytate treatments, while G.z. was the least
aggressive among the four test fungi. In addition to mass loss,
the moisture content of all samples after the 4-week exposure
was determined to verify that conditions were suitable for
fungal activity. The average MC of the control and control-L
samples ranged from 28%—-69% (Table S1, Appendix), which
falls within or above the range generally considered favorable
for brown-rot and white-rot decay (typically 30%-40% and
often 40%—-80%) (Lebow and Lebow 2018). Treated samples
showed the average MC ranging from 27%—122% (Table S1,
Appendix), which remained comparable or well above the
minimum threshold for fungal growth, indicating that the lower
mass loss in treated samples can be attributed to the efficacy of
the metal-phytate treatment, rather than insufficient moisture.

Previous studies have also reported that inorganic metals, such
as FeCls and Al,O,, when fixed in treated wood, can enhance
resistance against decay fungi (Acosta et al. 2022; Sun et al.
2023). Moreover, phytic acid has been reported to inhibit the
growth of both brown-rot and white-rot fungi by limiting
enzymatic activity (Li et al. 2023; Liang et al. 2024). The
protective effect is further supported by the acidic nature of
the phytate complexes (Table 1) that might have compromised
the structural integrity of the fungal cell wall and diminished
the activity of essential enzymes necessary for wood decay
fungi. Collectively, these findings suggest that phytic acid-
metal treatments confer substantial decay resistance, although
susceptibility varies depending on both the fungal species and
the leaching stability of the respective treatments.
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Figure 2. Mass loss of control and treated samples with and without leaching after exposure to each fungus: (a) G.t.; (b) R.p.; (¢) T'v.;; and (d) LI (n = 6).

Thermal stability

The thermal stability of the control and treated aspen wood
samples was evaluated using thermogravimetric (TG) and de-
rivative thermogravimetric (DTG) analyses under nitrogen (N2)
and air atmospheres (Figures 3 and 4), and the key parameters
are summarized in Table 2.

Under N, the thermal decomposition of all samples followed
three distinct stages, with a similar first stage but distinct tem-
perature ranges for the second and third stages. Specifically, the

first stage (30°C—160°C) involved the evaporation of moisture
and light volatiles, corresponding to a minor mass loss (< 5%).
For control and control-L samples, the mass of the samples
remained relatively stable until reaching its second stage, from
approximately 235°C to 550°C. This stage (a major weight
loss of 80-85%) was mainly associated with the degradation
of hemicellulose, cellulose, and lignin, with onset decomposi-
tion temperatures of 344°C for the control and 351°C for the
control-L samples.
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Figure 3. TG/DTG thermograms of control and treated samples before and after leaching (a, b) for Path-1; and (c, d) for Path-2 under N, (n = 3).

For the phytate-treated samples, the main decomposition
shifted to lower temperatures of 180°C—450°C before leaching
and 220°C-500°C after leaching, with onset temperatures of
~307°C-336°C and ~322°C-340°C, respectively. The cor-
responding mass losses were 64%—74% before leaching and
78%—82% after leaching. As shown in the DTG curves (Figure
3b,d), the peak decomposition temperatures of treated samples
were 20°C—50°C lower than those of the controls (above
400°C), with the primary degradation peak appearing in the
range of 300°C—400°C, indicating enhanced dehydration and
char-promoting effects. This shift in the peak temperature of
maximum degradation is attributed to the catalytic effect of
the early decomposition of metal phytates, which accelerates
char formation through phosphoric acid-induced dehydra-
tion reactions (Liu et al. 2022; Zhang et al. 2022). The third

decomposition stage (450°C—800°C) corresponded to car-
bonization and aromatic char formation. All treated samples
showed similar final-stage behavior, with total mass losses
below 3%. The residual char yields of treated samples were
significantly higher (14%—18% before leaching and 11%—14%
after leaching) compared to the control (11%) and control-L
(8%) samples, confirming improved thermal stability and
non-volatile char retention.

The decomposition pattern under air followed a similar three-
stage trend but included oxidative reactions in the later phase
(Figure 4). During the first two stages, all samples exhibited
comparable mass loss behavior up to ~315°C-365°C. However,
control and control-L samples displayed an additional shoulder
peak at 215°C-310°C, attributed to hemicellulose oxidation
(Gao et al. 2004). This peak was absent in the phytate-treated
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Figure 4. TG/DTG thermograms of control and treated samples before and after leaching (a, b) for Path-1; and (¢, d) for Path-2 under Air (n = 3).

samples, indicating suppressed oxidative degradation due to the
protective phosphorus-metal complex layer. In the third stage
(> 400°C), the treated samples exhibited a narrower, delayed
DTG peak (below 440°C) compared to controls, reflecting
slower combustion of the carbonaceous char (Figure 4b,d). The
primary degradation peak for all the treated samples (before
and after leaching) appeared in the range of 300°C-350°C,
whereas for the control samples, that degradation peak was
observed above 380°C. Thus, the peak temperature at the
peak thermal degradation rate of the treated samples was
shifted towards a lower temperature range than the control
and control-L, while their residual ash contents increased
from 0% (control) to 0.4%—3.8% (treated), corresponding to
the presence of thermally stable metal-phytate residues. These
results demonstrate that metal-phytate formation effectively

promotes early dehydration and crosslinking, while suppressing
oxidative degradation at higher temperatures. The enhanced
residue yield and reduced mass-loss rate confirm that the
treated samples undergo a more controlled pyrolysis pathway,
resulting in improved thermal stability and char integrity under
both inert and oxidative environments.

Fire performance test

The MLC test was performed to assess the flame-retardant
properties of the treated aspen wood samples. Figure 5 pres-
ents the heat release rate (HRR), total heat release (THR),
and mass loss curves for control and treated wood samples
before and after leaching, while Table 3 summarizes the key
fire-performance parameters. Photographs of wood sample
residues after combustion are shown in Figure 6.
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Table 3. Mass loss calorimeter test data of all tested samples before and after the leaching test.

Treatment TTI (s) TTF (s) (]E 'I_[“}}/I;‘Z) T, (s) (lf ‘I_I\KI/{/};ZZ) T,(s) F(r}‘iz(l;l;V/ (1\; Ijl/ilz) Re(i;)d)ue Mass gain (%)
Control 26+1° 44447500 179+72 100+17° 303+8° 2624804 1.15+0.04* 639 15424 -0.46+0.05°
Control-L 25428 400+51b4 1763 73+11° 284+14* 298+11%  0.96+0.03 65+4° 14+14 -1.06+0.31°
Cu-PA 124204 498439 104+7¢ 50+£13b 19830 25548« 0.78+0.04< 41420 26+0.70° 11+0.20°
_ Cu-PA-L 1443 425+43wcd 142450 3443¢ 199£110d 284417 0.70+0.02% 4634 24+0.83" 0.02+0.99"
f»:; Al-PA 2l Sl 125+7% 55£5b 143+6¢ 315+13*  0.45+0.01F 46%1 24+1% 8.5+0.5°
= Al-PA-L 14420 406+42bed 1624300 54420 225+8° 288+10%  0.78+0.05%¢ 53410 21+0.27¢ -0.85+0.42f
Fe-PA 12£]bed 3474224 98+18¢ 53+11% 145+15¢ 225+1¢ 0.65+0.09% 30+1¢ 31+1* 6.08+0.34<
Fe-PA-L 13£1b%d 376424 160+22b¢ 44+3¢ 217+19° 230+10¢ 0.96+0.05" 4944 21420 -5.99420
PA-Cu 9+14 468304 127+18% 34+£3¢ 164+£134 257416 0.64+0.07% 40+3¢% 262" 8.04+0.50
PA-Cu-L 0439 432426%¢ 145490 34+3¢ 20549 275+10%  0.75+0.04% 46%1 23+]be -3.66+0.56¢"
;:. PA-Al 12420 485+5%¢ 148+32bcd 40+5¢ 172+6¢4 282430b¢ 0.6120.02¢f 4434 2441b 5.05+0.334
= PA-AI-L 1542 481426%  152+£7%d 4243¢ 1854134 282£18*®  (0.66+0.06% 5242¢ 2442 -1.76+0.19%
PA-Fe 10£1%4 490+£56% 138422 38+£17¢ 1754821 275420%  0.64+0.10% 4634 23440 3.67+1¢
PA-Fe-L 13414 482+£19%cd 14346 35+5¢ 2009 302+17*  0.68+0.05% 47+1 26+0.84" -1.47+0.53"

Note: pHRR refers to the highest HRR (Heat Release Rate) value; THR (Total heat Release) refers to the heat release calculated from the start of the test to 2 minutes after the flame out;
Fire growth index, defined as the ratio of pHRR / T,.

Path-1

Control
_

Control-L

Figure 6. Photographs of all tested samples before and after the mass loss calorimeter (MLC) test.
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As shown in Figure 5a and 5b and in Table 3, the control and
control-L samples exhibited rapid combustion, with HRR
rising steeply and reaching early peak values (pHRR ) of 179
kW/m? and 176 kW/m? at 100 s and 73 s, respectively. Prior to
250 s, intense pyrolysis and volatilization caused the surface
layer of control samples to ignite quickly and transition into
vigorous flaming, after which the surface began to char and
form a carbonized layer (Guo et al. 2019). However, this char
fractured as the burning duration increased, exposing deeper
layers and leading to a second rise in HRR. This resulted in
a secondary peak (pHRR,) of 303 kW/m? and 279 kW/m? at
262 s and 298 s, respectively.

All treated samples, whether before or after leaching, exhibited
markedly improved heat-release behavior. Although the time to
pHRR: was advanced to 45-66 s (before leaching) and 19-39 s
(after leaching) relative to the controls, the pHRR: values were
reduced by 18%—45% before leaching and by 8%—-29% after
leaching. Similar improvements were observed for pHRRa,
with treated samples exhibiting reductions of 35%—-53% before
leaching and 19%-48% after leaching. Among all formulations,
the Fe-PA treatment yielded the highest decrease in both peaks.

Figure 5c and 5d and Table 3 show that all treated samples
released significantly less heat than the controls. The total
heat released by treated samples was 27%—52% lower before
leaching and 19%—-29% lower after leaching than the control
(63 MJ/m? for control, 65 MJ/m? for control-L). This reduc-
tion can be attributed to the formation of high-yield, thermally
stable char layers derived from metal-phytate networks, which
acted as physical barriers to heat and mass transfer. Similarly,
the fire growth index (FGI)—the ratio of pHRR: to the time
to peak—was consistently lower for treated samples than for
controls, further indicating enhanced flame-retardant behavior.
The Fe-PA sample again showed the strongest overall effect
among the treatment groups.

As shown in Figure 5e and 5f and Table 3, irrespective of treat-
ment pathways, the residual mass of all treated samples before
and after leaching was significantly higher than the residual
mass of the control (~15%) and control-L (~14%) samples. The
residual mass values were recorded to be 54%—107% higher
(for before-leaching samples) and 47%—80% higher (for after-
leaching samples) compared to control and control-L samples,
respectively. These findings are comparable to the existing
literature, which reported that phosphorus-metal interactions
promote dehydration, cross-linking, and graphitized carbon
formation during combustion, resulting in more cohesive
and thermally resistant char layers (Zhang et al. 2022, 2023).

The time to ignition (TTI) of treated wood samples was 9—14 s,
substantially lower than that of the control (~26 s) and control-L
(~25s). Similar reductions were reported for PA-treated wood
by Liang et al. (2024), who attributed the shortened TTI to the
acidic nature of PA. The acid promotes early dehydration and
accelerates char formation, rather than allowing volatile, flam-
mable gases to accumulate. Although the TTI was shorter, the
overall heat release, peak intensity, and fire growth behavior
were significantly reduced due to the protective char barrier.

After the MLC test (Figure 6), the control samples displayed
fractured, brown-grey char. In contrast, all treated samples
formed dense, cohesive, and continuous char layers that ef-
fectively shielded the underlying wood. Distinct coloration was
also observed depending on the metal species. Under Path-1,
Cu-PA samples produced bluish-black char, and Fe-PA samples
yielded reddish-black char—corresponding to the known colors
of CuClz and FeCls residues. Al-PA samples formed a whitish-
black, highly stable char layer. These distinctive colors were
less pronounced under Path-2, consistent with the shallower
penetration and less uniform deposition of metal phytates.

Overall, the results indicate that metal-phytate complexes de-
compose at lower temperatures than wood polymers, releasing
non-combustible products and promoting early char forma-
tion. The phosphorus-metal synergy facilitates dehydration,
induces aromatic cross-linking, and enhances the graphitization
of the carbonaceous residue (Zhang et al. 2022). This dual
action restricts heat transfer and oxygen access, suppresses
both primary and secondary combustion, and results in lower
pHRR:, THR, and FGI values, while increasing the final char
yield. Even after leaching, the treated samples retained notable
flame-retardant performance due to the persistent presence of
phosphorus and metal species within the wood matrix.

Conclusions

This study examined the bio-durability and flame-retardant
performance of wood treated through two sequential metal-
phytate formation pathways. Overall, Path-2 resulted in higher
initial mass gains, whereas Path-1 produced lower mass gains
but generally better fixation and reduced leaching. After leach-
ing, all treated samples exhibited lower retained mass, with
Path-2 showing more pronounced loss, indicating limited
long-term stability of loosely bound phytate species. The
antifungal results demonstrated that most treated samples
achieved improved decay resistance relative to the controls,
although leached samples were less effective, and R. placenta
remained the most aggressive fungus. Thermal and combus-
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tion analyses indicated consistent enhancements in char for-
mation and reduced heat-release behavior for all treatments.
Thermogravimetric analysis showed an earlier onset of dehy-
dration and higher char residue, while MLC testing confirmed
reductions in pHRRz and THR and increases in residual mass,
even after leaching. These results support that metal-phytate
formation can promote catalytic charring and mitigate com-
bustion intensity, although the magnitude of improvement
varied among metals and pathways. Future work should focus
on improving fixation chemistry, optimizing pH and reaction
conditions, exploring crosslinking or buffering strategies, or
incorporating co-treatments to stabilize PA-metal complexes.
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Appendix

Table S1. Average moisture content of the samples after decay (n = 6).

Average moisture content (%) after decay

Treatment G.t Rp Tv Ll
Control 45.77£22.48 34.15+ 4.48 58.82+15.78 28.60 + 6.49
Control-L 69.02 % 31.66 41.02 +4.44 53.90 +7.78 31.47+5.52
Cu-PA 69.02 + 6.81 74.01 £ 17.47 46.42+9.81 40.57 + 10.43
Cu-PA-L 29.34+6.27 37.44+4.25 31.83+3.59 28.10 + 1.84
Al-PA 39.70 = 11.75 33.57+6.61 31.13+9.05 35.26+9.16
Al-PA-L 3220+ 11.92 37.67 + 4.48 47.92 + 14.60 34.19+7.71
Fe-PA 49.50 + 19.38 78.51 + 16.64 43.99 +8.92 4823 +12.18
Fe-PA-L 28.00 +2.67 68.00 + 43.85 38.97+3.80 40.61 + 3.44
PA-Cu 88.27+ 11.30 122.17 £ 10.85 97.63 +22.00 71.34+2.02
PA-Cu-L 3573+ 11.56 41.72 +8.10 31.52+3.58 33.3242.60
PA-Al 7337+ 1191 97.67 +21.69 62.70 = 4.20 88.47 + 13.80
PA-AL-L 36.04+ 12.10 43.01 + 4.60 4171 £8.15 43.97+791
PA-Fe 60.71 +8.71 76.84 % 14.14 57.45+15.86 54.15+15.70
PA-Fe-L 27.09 +2.74 36.49 +3.91 40.68 +9.47 47.49 +2.47
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Figure S1. Mass gain of samples after treatment (n = 12).



[This page is intentionally left blank.]



