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ABSTRACT

Mass Timber, mostly highlighted herein as cross laminated timber, is a growing market in North America with hundreds
of new projects either in preparation or underway. This material is an innovation in wood-based design and construction and
represents an opportunity to transform building practice away from less sustainable materials such as concrete and steel.
However, wood is still a biodegradable resource and it is important to understand what limitations, or at least precautions,
should be taken to ensure its proper use. Since 2015, the Forest Products Laboratory (FPL) RWU 4723 (Wood Durability and
Protection Group) has been working both internally and with academic partners to undertake foundational research on material
properties of cross laminated and other mass timbers to ensure their longevity, safety, and continued future use. The following
paper presents updates and summary information in three broad areas of mass timber research being conducted at FPL
pertaining to biological durability.

BACKGROUND

Mass Timber is a growing sector in wood construction'. The Unites States Department of Agriculture (USDA) has been a
strong proponent of mass timber since it came on-line in the US and is committed to its adoption as a new building technique?.
Mass Timber offers many advantages in construction as it is fast, sustainable, and has advantageous benefits regarding carbon
storage compared to competing materials®. Durability concerns are still a looming issue and have not been fully addressed*®,
particularly in sub-tropical regions and areas of increased termite and decay pressure. The following is a summary of projects
related to the durability and service life of cross laminated timber (CLT) being conducted either at the Forest Products
Laboratory or in collaboration with University partners.

IMPROVING ACCELERATED LABORATORY TESTS AND TESTING METHODS FOR MASS TIMBER

The size and material configuration of mass timber is an important consideration in developing test methodology and
analyzing results. The typical specimen sizes used in standard laboratory and field tests may be too small to adequately represent
the large size of mass timber materials’. This becomes especially true when conducting laboratory bioassays to ensure that the
material is being exposed to adequate biological pressure and that the extent of damage is being properly assessed in order to
obtain meaningful observations on material performance. For example, in traditional laboratory termite tests, percent weight
loss is the main value used for characterizing termite damage. However, in larger test specimens like mass timber, weight losses
can be too low to see statistical differences or may be altered by nesting material and frass brought by the termites into the
center of the wood block. Visual ratings are also difficult to apply to larger test blocks, particularly if extensive damage is done
internally. A collaborative project between Mississippi State and FPL scientists started to address this by examining the
potential use of imaging software to calculate percent cross sectional area damaged for use as an additional metric applied in
post-testing evaluations®.

Experiments using wood decay fungi are currently being conducted as a synergy to additional work on-going at Mississippi
State University, Department of Sustainable Bioproducts®. The overall goal of this work is to develop methods to accommodate
the material idiosyncrasies of mass timber being a larger piece of wood made up of interlaid plies of wood and adhesives.
Preliminary research obtained by our colleagues at Mississippi State indicated that more inoculum is needed to develop enough
fungal biomass in order to challenge the specimen. New methods, adapted from a method originally developed at FPL for
cultivation of shitake mushrooms, are now used to accommodate this'®. This spawn-bag method introduces fungal inoculum
into a mixture of malt extract agar (MEA) fortified barley, producing a copious amount of fungal material. The fungal materials
are then exposed via direct hyphal contact to the wood in the presence of high moisture.
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Mass Loss of CLT in Spawn Bags by Decay Fungus
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Figure 1. Mass loss of cross laminated timber blocks after exposure to decay fungi in spawn bags.

To date, two rounds of experiments have been completed using spawn bags. The first round of tests was to obtain baseline
data on CLT samples exposed to this decay environment using two brown rot fungi (Gloeophyllum trabeum and Serpula
lacrymans) and two white rot fungi (Irpex lacteus and Phanerochaete chrysosporium). In order to accommodate a larger piece
of wood, the test was run for 24 weeks (Figure 1). From this test, Serpula lacrymans caused significant mass loss (ML) to both
pine (42%) and Douglas fir (32%) CLT specimens at 24 weeks. Irpex lacteus caused 32% ML in pine, but only ~10% ML in
Douglas fir. Phanerochaete chrysosporium only caused around 5-7% ML in all specimens, but this result was not totally
unexpected as this decay isolate is not normally aggressive in softwood species. Contamination was found in three replicates
and removed from the test.

The second round of testing was used to evaluate the effects of partial decay on glue line continuity. Two common adhesive
systems, melamine urea formaldehyde (MUF) and polyurethane (PU) resins were used to adhere southern pine and Douglas fir
blocks together. More aggressive fungal strains were used in this test using one white rot (. lacteus) and three brown rot fungi
(Neolentinus lepideus, S. lacrymans, and Rhodonia (Postia) placenta). This test was performed over 13 weeks and CLT
specimens were removed, oven dried, and are awaiting sheer testing using ASTM D4501!!. The results of these tests will be
presented in the near future.

REMEDIAL/SOIL APPLIED TERMITICIDE TREATMENTS FOR MASS TIMBER

When used, mass timber elements are typically found in locations where they will not be in contact with the ground and
the risk of damage from terminates is lower. Even though the use of mass timber in construction is becoming increasingly
accepted, understanding the conditions that are conducive to deterioration of mass timber elements and identifying methods
for preventing this damage will be essential for the expanded use of these materials. Termite attack is a key concern in areas of
high termite pressure, especially those where the invasive Formosan subterranean termite is active*. Traditional residential
framed houses are required to have under slab or soil applied termiticides to provide a chemical barrier to termite attack.
Although most mass timber will be used out of ground contact where the risk of damage is lower, buildings will be constructed
in areas prone to subterranean termite attack. The current design of mass timber structures does not adequately address this
concern.
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Currently, field tests are underway to evaluate termite-CLT (and mass plywood) interactions, the efficacy of soil applied
termiticides in preventing damage in an above ground covered scenario, and remedial options for termite control. Specifically,
there are two ongoing field studies with mass timber specimens exposed to a high biodeterioration hazard zone site in southern
Mississippi (Figure 2). These studies employ the AWPA E21 standard above ground, covered tests in high temperature and
humidity conditions conducive to biological attack. Several treatments are compared with an untreated control plot to evaluate
inhibition or prevention from biological attack including a soil termiticide treatment, an initial spray on borate treatment, a
remedial (after one year) borate spray, and a diffusible borate rod treatment. Tests are being assessed annually over a five-year
period (2018-2023)'2 13,

Figure 2. Images depicting field damage to CLT test specimens in South Mississippi. The upper two photos show
fungal fruiting bodies (upper left) and severe decay at bottom of a CLT specimen that has been turned over to check
damage (upper right). The lower images show severe termite damage (lower left) and active termite works and winged
reproductive under a sample (lower right).

COATING/ADHESIVE PERFORMANCE ON MASS TIMBER
Wood, though sustainable, must be protected from solar radiation, moisture fluctuations, varying temperatures, and
biological organisms. The use of durable wood coatings is essential to the longevity of wood products in service. Coating
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performance depends upon factors like coating type, properties, application, exposure, and even wood species'®. Photo-
oxidation, the interaction of oxygen with ultraviolet (UV) and visible light, can affect wood components, including surface
modifications (i.e., discoloration, checking, cracking), and eventually premature failure of wood products'>!®. Changes in
moisture can lead to swelling/shrinking, cracking, checking, and are suitable for microbial growth on and inside the wood.
Exterior coatings are ultimately designed to protect wood from moisture and UV degradation, but typically need to be reapplied
often (1-2 years) to ensure proper protection.

FPL scientists, in collaboration with Michigan State University, assessed commercially available exterior coatings
specifically formulated for exterior wood application'4. Twenty-three commercially available water-based and solvent-based
coatings were characterized to determine suitability for protection of engineered wood products (i.e., CLT). Additional data
regarding this study can be found in reference article 144,

Currently, there is a lack of knowledge on surface protection of mass timber exposed outdoors. However, untreated and
uncoated CLT will likely be susceptible to biodeterioration in a similar way that untreated timber is susceptible to
biodeterioration. Following laboratory testing, a subset of these commercially available coatings was used in outdoor
weathering tests. Samples were exposed outdoors in June 2019 in both Mississippi (MS) and Wisconsin (WI)!7. Coated CLT
samples were evaluated visually for mold, coating breakdown, and color change. Location and coating type impacted the
breakdown of samples. Coatings in MS failed much faster than coatings in WI, due to the higher decay zone of MS. In fact, by
3 months exposure, all samples in MS showed mildew growth. Most coatings degraded after 1-year exposure due to checking,
flaking, and surface erosion. Additionally, CLT with higher latewood had early coating deterioration. This is likely due to
latewood being unable to adequately absorb the coating'®, leading to premature cracking, checking, and eventual surface
erosion. After 1-year exposure, 2 coatings (a water-based transparent and a water-based semi-transparent) provided adequate
protection against surface deterioration in both MS and WI. After 2 years of field exposure, one of the coatings is still providing
adequate protection in WI (water-based semi-transparent). This is likely due to the composition of these two coatings
(containing antimicrobial ingredients, DMEA (dimethylethanolamine) and IPBC (iodopropynyl butylcarbamate)). Samples
exposed in MS showed greater discoloration over time; however, in WI there was no trend in the discoloration of samples. The
rapid discoloration is likely due to greater temperatures in UV light between the start of the field test (June) and the months
progressing after (summer to fall). Two coatings were less susceptible to color change over time (same two mentioned above).
This work is still being evaluated annually. Additional data can be found in reference article 17."7

In addition to coatings, various adhesives used in CLT fabrication are also being examined. Specifically, the effects of dip-
treated and spray-treated borate on CLT bonded with polyurethane (PU) and emulsion polymer isocyanate (EPI) adhesives.
Borate treated panels were glued with PU and EPI according to the parameters provided by both adhesive providers and CLT
manufacturers. Once manufactured, CLT was cut into blocks for durability and termite tests (see above). Accelerated decay
tests were performed according to AWPA Standard E10-16'°. Samples (19 x 19 x 19 mm) were exposed to the white-rot fungus,
L lacteus (MAD 517), and the brown-rot fungus, S. lacrymans (ATCC 36335), obtained from the USDA-NRS-Center for Forest
Mycology Research Herbarium Collection (Forest Products Laboratory). Samples were exposed to the fungi for 12 weeks at
27°C and 70% relative humidity (RH). Termite resistance was determined in a no-choice test according to ASTM D3345-17%,
Blocks (25 x 25 x 6 mm) were subjected to Reticulitermes flavipes (Kollar) for 4 weeks at 27°C and 60% RH. Results showed
that both spray-treated and dip-treated borate CLT mini blocks had significantly high resistance against white- and brown-rot
fungi as well as resistance against termites. Untreated samples bonded with PU showed increased durability against decay and
termites, but not to the extent observed with borate. Untreated samples bonded with EPI showed significantly lower resistance
against both decay and termites that could be due to polyvinyl acetate (formulation component), which is susceptible to
deterioration®!. This study is currently under review and should be published soon.

In follow up studies, the effect of lignin-based adhesives (L) on durability to decay fungi and termites was also evaluated.
Blocks bonded with lignin or PU were exposed to the brown-rot fungus G. trabeum (MAD 617) and the white-rot fungus
Trametes versicolor (MAD 697) obtained from the USDA-NRS-Center for Forest Mycology Research Herbarium Collection
(Forest Products Laboratory). Accelerated decay tests were performed according to AWPA Standard E10-16'°. Samples were
exposed to the fungi for 12 weeks at 27°C and 70% RH. Termite resistance was determined in a no-choice test according to
ASTM D3345-17%°. Blocks were subjected to R. flavipes for 4 weeks at 27°C and 60% RH. Wood samples bonded with PU
showed slightly less decay when exposed to 7. versicolor and compared to maple and pine controls. Results showed PU and L
adhesives alone offer minimal protection against the brown-rot and white-rot fungi used in this test. In termite tests, PU showed
high levels of resistance to termite feeding and high termite mortality. Lignin based adhesive specimens showed more variation
in both weight loss and termite mortality compared to PU specimens. However, this variation in weight loss seems to be related
to termite mortality as wood block weight losses were low in containers showing high termite mortality early on and high in
containers where termite mortality was low. Testing is ongoing to determine potential causes of this variation.
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SUMMARY

The spawn bags are proving an excellent worst-case scenario for potential degradation by decay fungi. Our initial results
indicate that brown rots performed well in this setup and white rots to a lesser extent, but this is not necessarily surprising since
these samples are all softwood species. The data obtained with S. lacrymans draws attention to an important consideration for
the use of CLT in wet service areas. The water conducting ability of this fungus highlights the need for an adequate monitoring
ability within walls, particularly since it can translocate water over large distances. Continued refinement and adaptation of
non-destructive test methods could be extremely useful under these conditions and, as mentioned in earlier publications®73?,
knowledge of this will be vital for building inspectors and those working to provide remedial diagnosis of CLT in service. We
will continue to refine and adapt our spawn bag methods and publish the results of the adhesive continuity tests.

In the termite field tests, we are obtaining promising data on termite response to CLT and MPP (mass plywood) in very
extreme exposure scenarios. In both tests, sample moisture contents were approximately 12% at test initiation. After one year,
moisture contents were 25% or higher indicating that the mass timber samples are absorbing moisture, despite the lack of an
overhead moisture source or soil contact, and are reaching moisture levels where biodeterioration would become a concern. In
test 1 (initiated in 2017'>!%), all CLT material used was comprised of Douglas fir. Control samples were attacked by termites
and decay in the subplots after two and three years. Although the soil termiticide treatment (fipronil) limited termite attack, we
noticed heavy decay in some of the fipronil treatments after only one year. This suggests that decay fungi either flourished in
the soil on components of the soil termiticide or the lack of termites promoted increased fungal growth from the soil to the
samples. The boron spray preventive treatments appeared to be controlling both termites and decay compared to samples not
treated initially with boron. Remedial treatment with boron spray after one year also appeared to be limiting decay and termite
attack. Active termite infestation on the sample observed in the remedial treatment after one year was not observed at the two-
year point (one year after treatment).

In test 2 (initiated in 2019), test samples were comprised of Douglas fir or southern pine CLT and spruce pine fir (SPF)
mass plywood. Test 2 used the same treatments as test one except for the addition of a diffusible borate rod treatment, installed
by placing rods in pre-drilled holes in the samples. Again, sample moisture contents were high after 1.5 years in test. We have
observed extensive termite mud tube activity on the samples and some boron rods are dissolving. Test 2 will be assessed for
remedial borate spray treatment in late 2021. Several of the current control treatments will be examined and if there is termite
attack, the set will be sprayed and monitored annually after this.

Information on coating formulations, coating performance, and interactions between coatings and bonding agents for CLT
is still lacking. These questions are just beginning to be addressed. Laboratory tests have characterized several commercially
available coatings. Field tests are beginning to evaluate performance on a subset of these commercially available coatings.
However, we have already seen several coating failures (as a result of mold and UV) after only one year of outdoor exposure
in MS and WI. Laboratory tests have showed varying levels of resistance to termites and decay fungi associated with adhesive
type and addition of borates. It is unclear, however, how long resistance lasts and under what conditions. Variation in termite
resistance alone should be evaluated further to determine if certain materials attract or repel termites and what are the associated
levels of toxicity. Type of material used for CLT fabrication is another variable that needs to be examined, such as the adhesion
strength of various lignin-based adhesives used to bond treated wood. FPL will continue to evaluate commercially available
coatings, newly developed coatings, and newly developed adhesives for coatings for decay and termite resistance over the next
few years.
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