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A B S T R A C T

Thin-strand composite panels and subsequent mass timber beams were produced using thermally modified
wood strands in a pressurized system. The effects of thermal modification (TM) temperature and dwell time on
the mechanical, moisture, and decay performance of panels were studied. TM reduced moisture sorption and
increased decay resistance. The thin-strand composites were evaluated in flexure and benchmarked against
commercially available structural products. Moreover, the mass timber beams’ out-of-plane bending was
accurately predicted with traditionally used laminated beam theory. The study shows that TM, under controlled
conditions, enables the production of high-performing wood-strand panels with improved dimensional stability
and decay resistance.
1. Introduction

Mass timber construction is rapidly growing in North America,
mostly due to wood’s renewability, versatility, abundance, and good
mechanical performance. Mass timber is often described as large struc-
tural panels made by assembling layers of dimensional lumber together
with either glue, nails, or dowels; in many cases, with the grain of
alternate layers orthogonal to each other, such as cross-laminated
timber (CLT). However, layers in mass timber panels are not always
dimensional lumber but could also consist of structural composite
lumber (e.g., LSL, OSL, or LVL), which is the case in this study.
In contrast to other construction materials (e.g., concrete and steel),
wood has a high strength-to-weight ratio and fewer environmental
impacts, with the added benefit that it is renewable and, if adequately
managed, also sustainable. Mass timber construction offers relatively
short construction times and improves building quality with minimal
material waste, since the elements are prefabricated off-site in a con-
trolled setting. Despite the recognized benefits of using mass timber for
construction, wood’s durability and dimensional stability with changing
environmental conditions is of concern and needs to be addressed for
the continued advancement of mass timber construction. Extreme care
is required by builders to protect wood members from exposure to high
moisture environments to ensure long-term durability.

Currently, mass timber products are fabricated mostly from high-
quality lumber, which requires long growing times and strict quality
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E-mail address: ruben.jerves@wsu.edu (R. Jerves).

control processes, which increases the cost of the end-products [1].
Conversely, small-diameter timber (SDT), widely available in North
America and other regions, has not received the same attention for
mass timber production, primarily because of its lower wood quality
since it contains more juvenile wood, which inherently has greater
variability in mechanical properties and lower dimensional stability as
compared to mature wood [2,3]. The value-added use of SDT could
improve the economic competitiveness of the forest industry and help
mitigate forest fires [4], often prominent in regions with dense stands
of SDT. Moreover, removing SDT from forests allows for a more diverse
forest structure while providing healthier wildlife habitat and protect-
ing watersheds [4]. Potential uses of SDT that have been explored
include CLT [5] and other engineered wood products [6], direct use
for affordable housing construction [7,8], and wood posts in highway
applications [9]. Nevertheless, SDT has relatively high harvest and
processing costs and yields low quality products. Thus, more work is
required to identify pathways for efficient uses for low-value SDT ma-
terial collected from forest thinning operations, with the long-term goal
of reducing wildfires [10] and managing our forests more sustainably.

Any methods for adding value to SDT should improve the quality of
the feedstock (e.g., durability and dimensional stability) and the result-
ing products. One such method is thermal modification (TM), which in
timber is commonly referred to as thermally modified timber (TMT),
but for the scope of this work the more general case of TM is used
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henceforth. TM is widely recognized by the forest products industry
as a method to improve the dimensional stability and fungal decay
resistance of wood. In recent years, there has been a growing interest
in using TM processes conducted at high-temperatures and under inert
environments to achieve the desired improvements of moisture and
rot resistance [11–17]. However, the effects of TM are influenced by
many variables, both in the wood itself and the TM process. Wood
species, starting wood quality (e.g., presence of checks and cracks),
wood thickness, and initial wood moisture can impact the quality of
the TM in wood. Likewise, the TM process conditions such as dwell
time, temperature, rate of heating and cooling, process atmosphere, and
pressures also impact the quality of the thermally modified wood [18].
Therefore, it is critical to understand the impacts of these variables
for successful TM of wood, especially of SDT due to its high amount
of juvenile wood, as well as to effectively scale up the process and
commercialize thermally modified composite wood products.

TM of wood and wood products covers a wide range of technolo-
gies [18]. In contrast to chemical modification, TM uses heat instead
of chemicals, and is carried out either in dry or wet environments [19].
TM in wet environments requires the use of water (or steam), which can
be condensed at the end of the treatment and potentially used for en-
ergy recovery or other products (e.g., organic chemicals, biofuels). Dry
treatments, on the other hand, can use air or an inert environment [19].
In both cases, TM reduces wood water affinity, which results in im-
proved dimensional stability and fungal decay resistance. Nevertheless,
TM negatively impacts mechanical properties of wood, although in
some cases a slight increase in stiffness has been reported [20–25].
The reasons for the physical, chemical, and structural changes oc-
curring in wood during TM processing have largely been studied.
According to Shafizadeh and Chin [26], hemicelluloses are more easily
degraded than the other wood structural components (i.e., cellulose and
lignin) during thermal treatment. Hillis [27] noted that the reduction of
hemicelluloses provides hygroscopicity to wood and that TM of wood
under moist environments could lead to higher dimensional stability.
Hemicelluloses are highly hydrophilic and, thus, their extraction is
desirable for decreasing water absorption of wood [28]. When wood is
heated at or above 140 ◦C, it undergoes a dehydration process, where
hydroxyl (–OH) groups, which attract moisture, are progressively lost
as temperature increases [18]. Mitchell [29], referred by Hill [18],
observed that the use of moist environments during TM accelerates the
formation of organic acids, which catalyzes the hydrolysis of hemicel-
lulose and, at lesser extent, of amorphous cellulose, with amorphous
cellulose attracting more water than crystalline cellulose due to its
large content of free –OH groups [30]. Ding [31] also noted that
pressurized steam further accelerates the degradation of amorphous
cellulose. After TM, wood decay resistance is expected to be improved
due to the degradation of polysaccharides, which serves as an alimen-
tary source for wood-rotting fungi, as well as due to other possible
changes in the chemical composition of the modified wood [32,33].
Another prospective cause of the improved fungal decay resistance is
linked to the reduced moisture content (MC) of the cell wall [18]. It is
thought that the loss of –OH groups affects the ability of enzymes to
metabolize the wood substrate. The referred works provide evidence
that water or steam used in TM removes hemicelluloses from wood,
which benefits wood decay resistance and reduces its water sorption
capacity. However, during TM, reduction of hemicelluloses can also
decrease the mechanical properties of the end-product. Modulus of
rupture (MOR) (i.e., bending strength) can decrease at higher treatment
temperatures [13,34–36]. Modulus of elasticity (MOE) (i.e., stiffness),
conversely, may not change significantly or even increase slightly,
depending on treatment intensity.

Many studies have also been performed on the effects of TM
on wood strands/particles before the fabrication of wood composites
[37–40]. In these, different types of TM have been conducted, such as
hot water extraction, dry and steamed environments, and pressurized
2

(closed) and non-pressurized (open) process. Results from these also g
indicate improvements in dimensional stability and changes in me-
chanical properties, reporting reduction or improvement. In this work,
we go a step further by fabricating and characterizing the behavior
of mass timber panels, namely cross-laminated strand veneer lumber
(CLSVL), from thin strand veneers produced from thermally modified
wood strands. In this case, the TM process used consists of a pressurized
system, expected to increase the degradation of hemicelluloses and sug-
ars in wood, likely due to a combination of better heat transfer, reduced
evaporative cooling, accumulation of thermal degradation products,
and presence of water in the wood [41,42]. Moreover, the composite
material manufacturing process implements a technology developed by
Weight and Yadama [43,44] that uses thin strands in the manufacturing
of veneers to obtain a uniform vertical density profile in the composite,
resulting in improved mechanical performance of the veneers later
used in the production of the CLSVL. Hence, the proposed project
provides a potential solution to address the dimensional stability and
degradation issues due to moisture infiltration and accumulation in
mass timber panels with the benefit of adding value to underutilized
SDT. In order to achieve this, the TM process should be designed to
promote fungal decay resistance, improve dimensional stability, and
reduce water sorption, all without significantly altering the wood’s
mechanical properties and imparting brittleness to the end product.
Thus, the objective of this work was twofold: (a) to investigate the
effects of TM of wood strands and subsequent wood strand composite
panels and (b) assess the out-of-plane bending performance of CLSVL
mass timber panels manufactured from thin veneers produced from
thermally modified wood strands.

2. Materials and methods

Fig. 1 shows the steps followed to conduct the work and the
following sections describe each operation.

2.1. Strand’s processing and thermal modification

Lumber from small diameter Engelmann spruce (Picea engelman-
ii) and lodgepole pine (Pinus contorta), classified as ESLP, were ob-
ained from Idaho Forest Group, with the mix predominantly consisting
f lodgepole pine. Before stranding, the SDT lumber was cut into
150 mm slats that were soaked in water for approximately 48 h to
each a moisture content (MC) close to 40% to help the stranding
rocess. Strands were then produced from the wet slats using a CAE
isc-strander rotating at 500 rpm. The nominal dimensions of the
trands were 148.0 mm × 19.3 mm × 0.38 mm (length × width ×
hickness). The strands were then air dried at room conditions until
he MC was between 7 and 10% prior to thermal modification.
For the thermal modification process, four sample groups of ∼10 kg

ach were randomly selected from the air-dried strands and subjected
o TM at three different temperatures: 150 ◦C, 165 ◦C, 180 ◦C and
welling times of 45, 90, 135, and 180 min for each treatment temper-
ture. The TM was conducted at the University of Minnesota, Duluth
Natural Resources Research Institute, using a 0.5 𝑚3 IWT/Moldrup
utoclave. For each TM, 4.5 kg of the strands were placed in two
tainless steel mesh baskets with a stainless-steel cover sheet placed on
op of the baskets to protect the strands from excess water spray during
he cooling cycles. At the beginning of each cycle, a fine water mist
as sprayed into the autoclave for 3 min to allow for pressure build-
p; approximately 0.4 gallons of water was inputted. During each TM
ycle, the steam pressure and temperature was monitored and recorded.
fter the strands remained at the desired temperature for a given dwell
ime, the cooling process used an automated fine water spray inside the
utoclave. Fig. 2 shows a typical TM process routine where the heating
tep is indicated in phase I and II, the holding (dwell time) step in phase
II, and the cooling step in phases IV, V, and VI. After the TM process,
he strands were dried in a convection oven at 103 ◦C +/− 2 ◦C for 24 h
nd the mass loss was calculated. The TM conditions for each treatment

roup are shown in Table 1.
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Table 1
Thermal modification conditions.
Peak temperature Dwell time Total time Initial wood MC Peak pressure Weight-loss

150 ◦C 180 min 13 h 6 m

8%

0.32 MPa 1.13%

165 ◦C

45 min 14 h 22 m 0.44 MPa not determined
90 min 15 h 51 m 0.44 MPa not determined
135 min 16 h 12 m 0.45 MPa not determined
180 min 17 h 23 m 0.44 MPa 4.94%

180 ◦C 180 min 19 h 44 m 0.48 MPa 11.50%
Fig. 1. Process followed for conducting the work: from small diameter timber to cross-laminated strand veneer lumber.
b
c
v
E

Fig. 2. TM temperature and pressure profile for 165 ◦C, 180 min dwell time cycle.

2.2. Characterization of thermally modified strands

2.2.1. Tensile properties
Young’s modulus (E) and ultimate tensile strength (UTS) of the

thermally modified and control (i.e., strands not subjected to TM)
wood-strands were determined via tensile tests parallel to the grain.
Since no specific standard exists for testing wood-strands in tension,
guidelines were followed as per Kohan [45] regarding specimen’s ge-
ometry and Jeong et al. [46] concerning loading rate. A total of 30
specimens per treatment type were tested. Specimens were selected to
guarantee uniform width and relatively straight grain or low deviation
in grain with respect to the longitudinal axis of the strands. Before
testing, the wood-strands were conditioned at 22 ◦C and a relative
humidity (RH) of 65%. The specimen dimensions were measured with
an accuracy of 0.025 mm and weighed to an accuracy of 0.01 g. MC of
all specimens was measured as per ASTM D4442-16. Mechanical testing
was performed with an Instron load frame equipped with an 8.89 kN
load cell at a loading rate of 0.254 mm/min, and the longitudinal strain
was recorded using an Epsilon extensometer with a gauge length of
12.7 mm, Model 3442-0050-010-ST. Wedge action tensile grips were
used throughout the test. The density of each specimen was determined
3

and used to account for the effects it may have on the tensile properties.
2.2.2. Surface tension and wettability
Surface properties of the thermally modified and control wood-

strands were determined using contact angle measurements [47–51].
Contact angle values were used as an indirect method to compute
surface free energy (SFE) and assess wettability of p-MDI resin (used in
this study to hot-press wood strand composite panels, see Section 2.3)
y means of penetration and spreading rate. A VCA Optima video
ontact angle analyzer was used to measure advancing contact angle
ia sessile drop method. SFE was computed using the Fowkes method,
qs. (1) and (2) [52–54], based on Young’s equation [55].

𝛾𝑑𝑠 = 0.25𝛾𝑑𝑙 (1 + cos 𝜃)2 (1)

𝛾𝑝𝑠 =

[

0.5𝛾𝑙 (1 + cos 𝜃) −
(

𝛾𝑑𝑠 𝛾
𝑑
𝑙
)0.5

]2

𝛾𝑝𝑙
(2)

The testing liquids used were distilled water (polar dominant com-
ponent) and diiodomethane from Sigma-Aldrich, 99% assay (dispersion
dominant component). A total of three droplets per testing liquid were
used for each type of TM and control group, in triplicates in all cases.
The contact angle was measured with liquid spreading along the grain
direction at a time 𝑡 = 1 s (time after the drop was placed on the solid
surface). The droplet dosage was 3 μl for the distilled water and 0.75 μl
for the diiodomethane. This dosage was based on the maximum amount
of liquid that would form a droplet big enough to barely remain at the
tip of the syringe to be then picked up by the wood-strand. For the SFE
determination, the contact angle 𝜃 was taken from the average of the
right and left contact angle of the droplet. Moreover, the penetration
and spreading rate of p-MDI resin was determined by means of a
dynamic wettability model proposed by Shi and Gardner, Eq. (3) [48],
frequently adopted to study wettability in wood [50,56–58]. In the
equation, 𝜃𝑖 is the initial contact angle (◦), 𝜃𝑒 is the equilibrium contact
angle (◦), t represents wetting time (s), and 𝐾 is a constant indicating
the spread and penetration rate of the liquid into the porous structure
of wood (1/s). Measurements were performed along the grain direction
with a droplet volume of 6 ml. The contact angle was measured at a rate
of 4 points/second for at least 80 s, assuring to reach the equilibrium
contact angle, referred as the minimum angle the droplet forms with
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the solid substrate. The experimental values were then fitted to the
Shi-Gardner model using the Levenberg–Marquardt algorithm [59] by
arying the parameter K for each measurement. A total of three droplets
er specimen were tested, with two specimens for each treatment type.

d𝜃
d𝑡

= 𝐾𝜃
(

𝜃𝑒 − 𝜃
𝜃𝑖 − 𝜃𝑒

)

(3)

2.2.3. Moisture sorption
Water sorption was determined for the thermally modified and

control wood-strands through moisture sorption isotherms at 22 ◦C
ith a total of seven randomly selected strands per each TM and control
roup, using a conditioning chamber Russells Elite G-series. The equi-
ibrium moisture content (EMC) was recorded for each specimen for a
H ranging from 20% to 95% and was then used to build the adsorption
urves. All weights were recorded with a precision of 0.001 g. At the
nd of testing, the dry weight of the strands was determined as per
STM D4442-16 using the oven-dry method. The experimental data
as fitted to the three parameter Guggenheim–Anderson–deBoer (GAB)
odel [60–63], Eq. (4), to understand the sorption physics.

𝑀𝐶 = 𝑀𝑚 ⋅
𝐾𝐺𝐴𝐵 ⋅ 𝐶𝐺𝐴𝐵 ⋅ 𝑅𝐻

(

1 −𝐾𝐺𝐴𝐵 ⋅ 𝑅𝐻
)

⋅
(

1 −𝐾𝐺𝐴𝐵 ⋅ 𝑅𝐻 + 𝐶𝐺𝐴𝐵 ⋅𝐾𝐺𝐴𝐵 ⋅ 𝑅𝐻
)

(4)

Where,𝑀𝑚, 𝐶, and 𝐾𝐺𝐴𝐵 (the fitted parameters) refer to the mono-
ayer water capacity (%), equilibrium constant related to the mono-
ayer sorption, and the equilibrium constant related to the multilayer
orption, respectively. The model coefficients were found using the
evenberg–Marquardt algorithm [59].

.2.4. Degree of crystallinity
X-ray diffraction (XRD) was used to estimate the degree of crys-

allinity using the Segal method [64], Eq. (5). Here, 𝐶𝑟𝐼 represents
he degree of crystallinity, 𝐼002 the intensity peak corresponding to the
lane in the sample with Miller index 002 found at 2𝜃 ≈ 22◦ (a.u.),
nd 𝐼𝑎𝑚 the intensity of diffraction of the amorphous region found at
𝜃 ≈ 18.5◦ (a.u.). Before XRD, the wood-strands were ground using
Thomas milling grinder and passed through a 60-mesh sieve. XRD
easurements were performed using a Rigaku Miniflex600 with a CuK𝛼
adiation (𝜆 = 1.541 Å) operating at 40 KV and 15 mA. The 2𝜃∕𝜃
ngle was measured in a range from 5◦ to 45◦ at a rate of 0.05◦/s.
our powder samples were prepared and scanned for each treatment
ondition.

𝑟𝐼(%) =
𝐼002 − 𝐼𝑎𝑚

𝐼002
× 100 (5)

.2.5. Chemical composition
Two samples of 5 grams (ground, 60-mesh sieved) of known MC per

ach treatment group were soxhlet extracted with CH2Cl2 (150 mL) for
2 h to remove extractives following ASTM D1108. Furthermore, these
amples were analyzed in triplicate to determine chemical composition
i.e., sugars and lignin).

.3. Manufacture of wood-strand composite panels

Panels from wood strands were hot pressed using a hydraulic press
ith plate dimensions of 889 × 889 mm, controlled by Pressman
ontrol system software. Before pressing, all the wood-strands were
onditioned at 70% RH and 20 ◦C. Polymeric diphenylmethane diiso-
yanate (pMDI) resin was spray-blended onto the wood-strands in a
otating drum, ensuring a uniform application. The resin content used
as 4.5% by weight of dry wood strands. The strands were then hand-
ormed into a forming box, which consists of a wood frame with vanes
eparated by 76.2 mm, to obtain a theoretical preferred orientation of
he strands of ∼ ±30◦ with respect to the longitudinal direction of the
anel. Once the mat was fully formed, it was hot-pressed at 140 ◦C
4

Fig. 3. Definition of local coordinates of a wood-strand composite panel.

for a total curing time of 360 s to a target thickness of 6.35 mm and
density of 640 kg∕m3. Afterwards, the panels were edge trimmed and
cut accordingly to prepare test specimens. The type of specimens and
respective dimensions, as well as the sample size for each panel, are
presented in Figure 15 and Table 6, respectively.

2.4. Performance of wood-strand composite panels

2.4.1. Mechanical properties
The wood-strand composite panels local coordinates (1, 2, and 3),

where axis 1 is parallel to the wood fiber (longitudinal direction) and
axes 2 and 3 are orthogonal to 1 are shown in Fig. 3.

A three-point bending test was used to evaluate the mechanical
properties of the wood-strand composite panels along local directions 1
and 2 to determine the moduli of elasticity in bending (𝐸1 and 𝐸2) and
the out-of-plane shear moduli (𝐺13 and 𝐺23). To estimate the material
properties, the bending specimens were tested at multiple span-to-
depth ratios (20, 8.5, 6.5, and 5.5), similar to the procedure established
in ASTM D198-Appendix X4, with a linear regression between 𝑥 =
(𝑑∕𝑙)2 and 𝑦 = (1∕𝐸𝑎𝑝𝑝) defined by Eq. (6).

1
𝐸𝑎𝑝𝑝

= 1
𝐸𝑠ℎ

+ 1
𝑘𝐺

(𝑑
𝑙

)2
(6)

Where 𝑘 represents the shape factor, 𝐸𝑎𝑝𝑝 the apparent modulus of
elasticity, 𝐸𝑠ℎ the shear free modulus of elasticity, 𝐺 the shear modulus,
and 𝑑 and 𝑙 the panel thickness and the span, respectively. Furthermore,
the bending modulus of rupture (MOR) along the local direction 1
was also determined from a three-point-bending test following ASTM
D1037. After testing, the MC of the samples was measured as per ASTM
D4442-16 and the corresponding densities were computed and used to
account for the effects it may have on the elastic constants and MOR
along the direction 1.

2.4.2. Internal bond
Internal bond (IB) strength of the wood-strand composite panels was

used as a method to evaluate bond performance between the strands for
different TM conditions. The test was carried out as per ASTM D1037-
12. Mean estimates from X-ray vertical density profile (VDP) for each
specimen were used to account for the effects that density may have
on IB.

2.4.3. Water absorption and thickness swelling
A water absorption and thickness swelling (𝑊𝐴 and 𝑇𝑆) test was

conducted following ASTM D1037-12 to study the effect of TM on
moisture uptake and to indirectly infer changes in dimensional stability.
Measurements of 𝑊𝐴 and 𝑇𝑆 were taken for each specimen 24 h after
ubmersion in water at a temperature of 20 ± 1 ◦C. After testing, the
MC of the specimens was measured as per ASTM D4442-16.
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Fig. 4. Out-of-plane-bending test layout for (a) four-point and (b) three-point bending.
Fig. 5. Effects of TM on tensile properties (E and UTS) of wood-strands: (a) and (b) temperature effect with dwell time of 180 min, (c) and (d) effect of dwell time at working
temperature of 165 ◦C. Groups with the same letter are not significantly different (𝑝-value < 0.05).
2.5. Decay resistance of wood-strands and wood-strand composite panels

The different types of thermally modified wood-strands and man-
ufactured panels were tested for their resistance to decay following
AWPA E10-16 by laboratory soil-block cultures. Wood-strand speci-
mens and panel specimens were exposed to the brown rot fungus G.
trabeum, a prevalent fungi among softwoods species, for 39 days and
55 days, respectively. For the test, the wood-strands were cut to 90 ×
9 mm (with original thickness of 0.38 mm) and the panels were cut
nto 12.5 × 12.5 × 6.4 mm specimens before the exposure to fungi. For
omparison purposes, untreated and alkaline copper quaternary (ACQ)-
reated Southern yellow pine specimens were prepared and exposed to
he same conditions. A total of five replicates were tested for each
reatment type for both wood-strands and panels.

.6. Statistical analysis of strands characterization and panels performance

All statistical analyses were performed with SAS software using a
eneralized linear model. For the mechanical properties, the effects
f the density of each specimen were considered as a covariate. Fur-
hermore, pairwise Tukey’s multiple comparison procedure was used
o compare significantly different groups across different analyses. All
NOVA results and validations of model assumptions are presented in
able 7.

.7. Out-of-plane flexural performance of cross-laminated strand veneer
umber (CLSVL)

.7.1. Experimental design and manufacture of CLSVL
The out-of-plane bending shear performance of CLSVL made of con-

rol and thermally modified wood-strands was evaluated. Two different
hear type failure bending specimens were prepared with different
pan-to-depth ratios, l∕h, and different loading configurations. For in-
tance, a beam with l∕h ≥ 20 tested under four-point bending with
quivalent concentrated loads symmetrically applied (Fig. 4(a)), and
nother beam with l∕h ≤ 5 loaded at mid-span (Fig. 4(b)). In the four-
oint bending test, the neutral axis’s mid-span deflection was measured
sing a string pot with a 250 mm stroke held in a U-shaped yoke
uspended on two nails placed on the neutral axis at both reaction
oints. For the three-point bending test, the mid-span deflection was
ecorded with a 25.4 mm stroke linear variable differential transducer
5

LVDT). a
Fig. 6. Temperature effects on degree of crystallinity at 180 min dwell time. Groups
with the same letter are not significantly different (𝑝-value < 0.05).

Fig. 7. Effect of temperature on surface free energy and pMDI resin dynamic
wettability (K-value from the Shi-Gardner model) for TM at 180 min dwell time.

Due to limited availability of thermally modified material and after
finding that the 165 ◦C/180 min treatment showed the best over-
all performance (i.e., mechanical properties, moisture resistance, and
decay resistance), only this type of thermally modified wood-strands
were used for the manufacture and study of CLSVL. For the fabrication
of the CLSVL beams, a total of ten 2440 × 1220 × 7.62 mm wood-
strand panels were hot-pressed using a hydraulic hot press with plate
dimensions of 2642 × 1372 mm, following the procedure described
in Section 2.3. Five panels were manufactured using control strands
and five using the thermally modified strands (165 ◦C/180 min). The
wood-strands were first conditioned at 16 ◦C and 75% RH. Immedi-
tely prior to the application of pMDI resin, the wood-strands were
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Fig. 8. Structural carbohydrates and lignin content changes in strands treated at
different temperatures and 180 min dwell time.

uniformly sprayed with water to reach a MC ∼ 12% in a rotating
drum. After pressing, the panels were trimmed and cut to specific
sizes to manufacture a total of four 15-ply CLSVL beams: two with
dimensions 2438 × 305 × 95 mm (length × width × thickness), one
from control strands and the other from the thermally modified strands,
and two beams with dimensions 610 × 305 × 95 mm (length × width ×
hickness), one control and one from thermally modified strands. The
5-ply CLSVLs were cross laminated, i.e., the outer five plies oriented
long the longitudinal direction or axis 1 (See Fig. 3) and the five core
lies oriented along the transverse direction or axis 2 and orthogonal
o the outer plies. Strand plies were coated with polyurethane resin
PUR) Henkel HBX 602 (hand rolled at a rate of 0.17 g/m2 within each
aminate with an assembly time less than 60 min) and cold pressed at
target pressure of 120 psi into CLSVL for 180 min, as established by
he resin manufacturer. After trimming and sanding to assure a uniform
hickness among the beams, with a tolerance of ∼ 0.2 mm, the beams
ere conditioned at 16 ◦C and 75% RH.

.7.2. Modeling of CLSVL
Although the out-of-plane bending behavior of similar mass timber

roducts such as cross-laminated timber (CLT) is well understood, there
s a need to apply laminated beam theory, a mechanics-based approach
ommonly applied in composites to predict its flexural behavior, and
alidate it for CLSVL, considering two major differences when com-
ared to traditional CLT: geometry and material. Geometry changes
nvolve the use of different thickness-to-width ratios of each ply, and
aterial changes are related to the use of thermally modified strands.
or modeling CLSVL, two steps were considered: (1) The Shear Analogy
ethod (SAM) described in the CLT Handbook and other works [65,66]
as implemented to compute effective section properties of the beam
lement so that deflections could be estimated. This method accounts
or the effects of shear deflections derived from the Timoshenko beam
heory (TBT) and, separately, the pure flexural deflections derived
rom Euler–Bernoulli beam theory (BBT). From the SAM method, the
ffective bending stiffness (𝐸𝐼) is derived, which results in Eq. (7).
6

𝑒𝑓𝑓 T
Table 2
Contact angle of different testing liquids on strands treated at 180 min dwell time
(letter grouping indicates the results from comparison of means at an alpha-level of
0.05).
Contact angle [◦]

Distilled water Diiodomethane

𝜇 SD Letter grouping 𝜇 SD Letter grouping

Control 119.5 (6.6) A 62.1 (4.6) A
150 ◦C 127.4 (8.4) AB 49.2 (10.3) B
165 ◦C 133.5 (7.6) B 47.4 (6.5) B
180 ◦C 132.7 (11.1) B 45.7 (3.5) B

Table 3
GAB parameters for thermally modified wood-strands.
Temperature Dwell time 𝑀𝑚 K𝐺𝐴𝐵 R2

𝑎𝑑𝑗

Control 0.049 0.787 0.969

150 ◦C 180 min 0.047 0.755 0.925
165 ◦C 45 min 0.036 0.732 0.821
165 ◦C 90 min 0.034 0.739 0.891
165 ◦C 135 min 0.035 0.730 0.883
165 ◦C 180 min 0.032 0.678 0.777
180 ◦C 180 min 0.044 0.681 0.897

Likewise, the out-of-plane effective shear stiffness (𝐺𝐴)𝑒𝑓𝑓 is computed
using Eq. (8).

(𝐸𝐼)𝑒𝑓𝑓 =
𝑛
∑

𝑖=1
𝐸𝑖𝑏𝑖

ℎ3𝑖
12

+
𝑛
∑

𝑖=1
𝐸𝑖𝐴𝑖𝑧

2
𝑖 (7)

(𝐺𝐴)𝑒𝑓𝑓 = 𝛼2
[

ℎ1
2𝐺1𝑏1

+
𝑛−1
∑

𝑖=2

ℎ𝑖
𝐺𝑖𝑏𝑖

+
ℎ𝑛

2𝐺𝑛𝑏𝑛

]−1

(8)

In Eqs. (7) and (8), 𝐸𝑖 is the modulus of elasticity; 𝑏𝑖 and ℎ𝑖 are the
width and thickness of each lamina or ply, respectively; 𝐴𝑖 is the cross-
sectional area of the 𝑖th lamina; 𝑧𝑖 is the distance from the centroid
of the 𝑖th lamina to the centroid of the beam’s cross section; 𝐺𝑖 is
the shear modulus for the 𝑖th laminate; and 𝛼 is the distance between
the centroids of the lower and upper layers or plies. (2) To estimate
the normal and shear stress distribution across the cross section of the
CLSVL elements, the equivalent transform section method [67] was
used.

3. Results and discussion

3.1. Mechanical, physical, and chemical effects on wood-strands from the
thermal modification

Results from the tensile tests of strands are shown in Fig. 5. Overall,
TM at 150 ◦C and 180 ◦C for 180 min does not affect E as compared to
he control (at 95% level of confidence), and although not statistically
ignificant, there was a slight increase in E for strands thermally
odified at 165 ◦C/180 min. Likewise, E values are unaffected by dwell
ime during TM, with an apparent increase up to a temperature of
65 ◦C and a decrease at a temperature of 180 ◦C, despite these not
eing statistically significant, as shown in Fig. 5(c). Moreover, there is
negative impact on UTS of strands with different levels of TM tem-
erature with a constant dwell time of 180 min, as shown in Fig. 5(b).
ig. 5(d) shows that the dwell time for strands thermally modified at
65 ◦C does not have a significant effect on the tensile strength, except
or the 180 min treatment, which has lower UTS values. Similar results
n strength and modulus of elasticity of lumber and wood composites
fter TM have been reported previously [24,37,68,69]. For instance,
steves and Pereira [24] and Sandberg and Kutnar [69] described that
values of wood had an initial increase with TM and a subsequent drop
s TM conditions intensified, especially for the case of softwood species.
he authors also pointed out that strength was progressively diminished
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Fig. 9. TM influence on moisture sorption isotherms at 22 ±◦C: (a) temperature effects at 180 min dwell time, (b) dwell time effects at 165 ◦C.
Fig. 10. Effects of thermal modification in three-point bending properties: (a) Modulus of elasticity parallel to the grain (𝐸1), (b) MOR parallel to the grain, (c) shear free
orthogonal modulus of elasticity (𝐸2), and (d) shear modulus (𝐺23). Groups with the same letter are not significantly different (𝑝-value < 0.05).
ith higher temperature and time in TM. Paul et al. [37] conducted
TM process on Scots pine wood-strands prior to the manufacture
f OSB and found no significant change in bending stiffness (MOE)
alues when using pMDI resin. However, strength values significantly
ecreased with TM, with 35% to 50% lower values than the controls.
Comparable trends to 𝐸 were observed in the crystallinity index

𝐶𝑟𝐼) of thermally modified strands (Fig. 6), with a slight increase and
subsequent drop as TM temperature increases, which can explain

n part the apparent change in Young’s modulus, in addition to the
xpected degradation of wood constituents through the treatment as
een later (see Fig. 8). Bhuiyan et al. [70] also reported an initial
ncrease in the 𝐶𝑟𝐼 under pressurized treatment conditions as these
onditions intensify, with a subsequent drop. Esteves and Pereira [24]
eported that during TM, cellulose crystallinity is increased due to the
artial degradation of amorphous cellulose.
SFE was found to increase with TM temperature (Fig. 7); however,

he contact angles obtained at TM temperatures of 150 ◦C through
80 ◦C, which were used to compute SFE, were found to not be
ignificantly different (Table 2). Based on this finding, there is not
nough evidence to state that SFE continues to increase as temperature
ncreases after 150 ◦C, which is the case of treatments at 165 ◦C and
7

Fig. 11. Effect of thermal modification on IB strength of wood-strand composite panels.
Groups with the same letter are not significantly different (𝑝-value < 0.05).

180 ◦C for 180 min. Yet, it is important to point out the trend in the
increase of SFE. The same can be said about the polar ratio, 𝛾𝑝∕𝛾, which
increases from 2.5% to approximately 13% as temperature increases;
however, the polar ratio is significantly different only between the
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Fig. 12. (a) Water absorption (WA) and thickness swelling (TS) after 24 h submersion of specimens produced from strands modified at different intensities. Groups with the
same letter are not significantly different (𝑝-value < 0.05); (b) decreasing ratio of TS/WA at 24-h indicates greater dimensional stability of the material with increasing thermal
modification intensity.
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Fig. 13. Weight loss from fungal decay test in (a) wood-strands, and (b) wood-strand
composite panels and untreated and ACQ-treated SYP lumber.

control group and the thermally modified strands. Nevertheless, despite
the increase in SFE, the wood surface becomes more hydrophobic, as
reflected by the increased contact angle with distilled water (Table 2).

Similar to SFE, the 𝐾 − 𝑣𝑎𝑙𝑢𝑒 obtained from the Shi and Gardner
odel increases as TM temperature increases (Fig. 7). This result

implies a higher penetration and spreading of pMDI resin, and thus
better wettability, which can be attributed to the increase in SFE and,
xpectedly, in porosity within the modified wood strands, as seen in
revious studies [49,71,72]. Kutnar et al. [71] also reported an increase
n contact angle and SFE as TM intensity increased. Likewise, Croitoru
t al. [72] found an increase in SFE and in polar ratio as treatment
onditions became more intense; e.g., temperature and dwell time.
hanges in SFE partially result from the removal of –OH groups on the
urface of wood due to the degradation of hemicelluloses. The chemical
omposition analysis showed that the changes in composition become
ore evident as treatment temperature increased (Fig. 8). However,
t low treatment intensity (i.e., 150 ◦C) no visible changes occur. As
he temperature increased (with dwell time of 180 min), the most
pparent change is in the relative increase of total lignin, mostly with
lason lignin and to a lesser extent acid-soluble lignin. This relative
ncrease in lignin content results from the partial removal of sugars
hat make up hemicelluloses, as it can be observed from the reduction
f total neutral sugars. As expected, the decrease of hemicelluloses is
roportional to the TM temperature, with the most intensive treatment
xhibiting the largest decrease. Lower hemicelluloses content makes
ood more hydrophobic and more resistant to fungal decay [18,28]. It
s interesting to note that the reduction of hemicelluloses during the TM
rocess is not as high as in the case of other wood TM processes, such
8

s hot water extraction (HWE) [19]. The removal of hemicelluloses
egradation products in HWE results in part from the extraction of the
ater after the process, which is not the case of the TM process used
n this work. The presence of some moisture in the materials under
reatment aids the partial removal of hemicelluloses via hydrolysis,
ut the use of high pressure in the equipment increases the water-
oiling point, which avoids drastic water evaporation and part of the
oisture remains in the wood cells, thus avoiding the removal of higher
mounts of hemicelluloses degradation products. Altgen et al. [41] also
bserved this phenomenon and noted that high pressures during treat-
ent prevent the excessive vaporization of hemicelluloses degradation
roducts.
The moisture affinity of the thermally modified strands can be

xamined by observing the sorption isotherms for strands modified at
ifferent temperatures and dwell time in Fig. 9. The isotherms show
that the sorption capacity of the thermally modified wood diminishes
with increasing TM temperature (Fig. 9(a)), while dwell time does
not impart a significant change in the sorption until it reaches 180
min (Fig. 9(b)). An interesting observation arises when examining the
absorption curve of wood-strands modified at 165 ◦C/180 min, which
shows a lower sorption capacity than the wood-strands thermally mod-
ified at 180 ◦C/180 min. This is unexpected as it is believed that the
higher treatment intensities result in lower sorption capacity. However,
this could be influenced by a higher degree of crystallinity found in the
group treated at 165 ◦C/180 min (see Fig. 6) compared to that treated
at 180 ◦C/180 min. It has been noted that an increase in crystallinity
results in a lowered accessibility of –OH groups to water molecules
[73–75]. Nevertheless, it is difficult to assure a lowered sorption curve
at the 165 ◦C treatment over the 180 ◦C treatment, since the variability
f results reflects that both curves could be similar. When fitting the
easured points to the GAB model, the 𝐶 parameter could not be
etermined given that there was not enough data in the 5%–15% RH
ange. However, if we force EMC to be 0% at 0% RH, the values for 𝐶
hat minimize the error in the non-linear fitting become large (i.e., 𝐶
999). This suggests a strong bound of water molecules to the first

ormed monolayer.
The other parameters for the GAB model are shown in Table 3.

or instance, 𝑀𝑚 appears to be reduced with TM, decreasing the
apacity of the material to retain water molecules within the first
ayer, which is more tightly bound to the sorbent surface. Likewise,
𝐺𝐴𝐵 is also reduced with TM, with the lower value obtained after
he 165 ◦C/180 min TM. This implies that with TM, more sorbed
olecules are structured in the multilayer, and behave less like liquid
ater molecules [76]. The adsorption intake comes from the changes
n the chemical composition of the thermally modified wood (Fig. 8) as
igher amounts of lignin and lower amounts of hemicelluloses promote
ydrophobicity to the modified strands.
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Fig. 14. (a) Four-point bending shear failure of a CLSVL beam (l∕h ≥ 20) made of control strands, (b) premature glue line failure of four-point bending CLSVL beam (l∕h ≥ 20)
made of thermally modified strands, (c) three-point bending shear failure of a CLSVL beam (l∕h ≤ 5) made of control strands, and (d) three-point bending shear failure of a CLSVL
beam (l∕h ≤ 5) made of thermally modified strands.
3.2. Mechanical performance of wood-strand composite panels

The modulus of elasticity parallel to the grain direction (𝐸1) from
the static three-point bending results are shown in Fig. 10(a). It is seen
that TM causes a slight stiffening of the material at lower thermal
modification intensity, with the effect reduced as the intensity in-
creases, which is in agreement with the tendency observed in the tensile
Young’s modulus of the thermally modified wood-strands (Fig. 5).
Again, this stiffening effect may be explained by the increased relative
degree of crystallinity of strands as previously discussed. Nevertheless,
the MOR decreases as TM intensity increases (Fig. 10(b)), which is also
observed for the UTS of the strands (Fig. 5). Similar to the UTS values
on wood-strands, the decrease in strength results from the degradation
of hemicelluloses and possibly some non-crystalline cellulose during
the TM process. However, the positive correlation between density and
MOR values (𝑝-value < .0001 from the model utility test) suggests that,
to some degree, densification could help to minimize the strength loss
of panels produced with thermally modified strands. It is known that
TM may help to reduce the springback effect resulting from hot pressing
of panels [77] and wood chips, as confirmed by other studies using
HWE [78]. The shear free modulus of elasticity along direction 2 (See
Fig. 3), 𝐸2, and shear modulus (𝐺23) results are shown in Figs. 10(c)
and 10(d), respectively. As in the case with 𝐸1, 𝐸2 also exhibits a slight
increase as the TM intensity increases. However, there is not enough
evidence to suggest there is an increase in 𝐺23 when TM intensity is
increased.

Internal bond (IB) strength results (Fig. 11) show that TM has
a slight negative impact on IB values. Lower IB strength is seen as
TM intensity increases. In addition to increased material brittleness
at higher thermal modification temperatures, MC in the wood-strands
could affect these results since pMDI resin used in the manufacture of
the panels uses water for the curing reaction. Guangbo and Yan [79]
reported that there is a significant effect on cure kinetics of isocyanate
due to moisture in wood. Although –OH groups in the wood may react
with the isocyanate to form chemical bonds between the adhesive and
wood, reactions of pMDI with water to form polyurea were dominant
when moisture was present. Thus, the addition of water to the wood-
strands could help to improve the bond between strands. This practice
could be easily implemented in the manufacturing process as moisture
can be added before the hot-pressing process. However, it has been
observed that MC over 12% no longer has a significant effect on the
cure kinetics [79].

Results of the water absorption (WA) and thickness swelling (TS) of
9

the panels after the 24 h submersion are shown in Fig. 12(a). Within
Fig. 15. Specimen sampling from fabricated panels from 889 × 889 mm hydraulic
press. B∥ for bending parallel to the strands’ main orientation, with dimensions 50.8
× 355.6 mm; B⟂ for bending perpendicular to the strands’ main orientation, with
dimensions 25.4 × 152.4 mm; IB for internal bond (and also used for vertical density
profile (VDP)), with dimensions 50.8 × 50.8 mm; WA&TS for water absorption and
thickness swell with dimensions 152.4 × 152.4 mm; and D for decay, with dimensions
50.8 × 152.4 mm.

the range tested in this study, WA increased as the intensity of TM
increased. This change may be due to an increase in porosity of the
strands after undergoing TM. Conversely, TS values are significantly re-
duced as TM intensifies; therefore, wood strands and the manufactured
composite materials may have greater dimensional stability. To better
understand the trend of the panels’ behavior in presence of water,
the TS/WA ratio is presented in Fig. 12(b). The decreasing TS/WA
ratio with increased TM intensity suggests that the water in thermally
modified wood does not necessarily account for physical changes in the
wood cell; rather, it is free water within the voids of wood.

As a way of comparison to the control and thermally modified
wood-strand panels, some benchmark values from different types of
commercially available products are presented in Table 4. Weight
and Yadama [43] developed a laminated strand veneer (LSV) with
wood species and strand geometry similar to that presented in this
work, although phenol–formaldehyde (PF) resin was used instead of
pMDI, and the thickness of the laminates were 3.2 mm. The control
group performed similar to the LSV from the referred work, but higher
bending MOE and IB strength values were reported. Commercially
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Table 4
Comparison of properties between commercially available products and panels produced with thermally modified strands.

Static bending

Modulus of elasticity Modulus of rupture

∥ ⊥ ∥ ⊥
IB TS24ℎ WA24ℎ

Reference Species Product

GPa MPa MPa % %

This work ESLP Control panels 13.2 1.7 93.8 – 0.91 20.7 25.1
This work ESLP thermally modified panels 11.5–14.4 2.2 43.6–75.6 – 0.47–0.77 7.5–18.2 36.0–40.7
[43] Ponderosa pine LSV 10.4 1.1 91.1 14.3 0.61
[80] Southern pine LVL 8.8–13.0 – 47.8–66.5 – – – –
[81] Ponderosa pine SD glulam 9.1–9.4 – 29.6–31.4 – – – –
[82,83] Aspen poplar LSL 11.6 1.3 61.7 8.9 – – –
[84] Southern pine OSB 4.9–5.3 2.2–2.6 28.1–30.7 14.4–21.1 0.32–0.43 16.3 29.3
ICC – OSBa 7 3 25–30b 14–18b – – –
[85] Ponderosa pine SD No. 1 6.4 – 30.7 – – – –
[85] Lodgepole pine SD No. 1 10.2 – 45.3 – – – –

aWeyerhaeuser Diamond𝑇𝑀 Floor Panels - ICC-ES ESR-4133.
bEstimated from allowable stress design (ASD) values assuming these correspond to the 5th percentile of normally distributed data with coefficient of variation between 15%–25%
and a reduction factor of 2.1 as established by ASTM D1990.
Table 5
Out-of-plane bending results.

Loading condition Beam type l∕h
Apparent modulus of elasticity, 𝐸𝑎𝑝𝑝 𝜏13
Measured Predicted Error

GPa % MPa

4-point-bending Control 20.8 11.9 11.8 −0.8 1.0
TMb 24.2 12.2 12.6 3.3 0.2a

3-point-bending Control 4.4 1.4 1.2 −15.4 1.3
4.4 1.2 1.2 4.2 1.8

TMb 5.0 1.9 1.9 −2.2 1.1

aPremature failure at PUR glue line
bPanel made of 165 ◦C/180 min thermally modified strands only.
available Southern pine laminated veneer lumber (LVL) used for struc-
tural purposes has lower MOE than the control and thermally modified
wood strand panels and similar MOR values than the panels with the
most intense TM (180 ◦C/180 min). Glue laminated timber made from
small-diameter ponderosa pine, similar to the wood species used in
this work, has overall lower MOE and MOR values. Laminated strand
lumber, frequently used for structural elements in trusses, headers,
wall studs, roof beams, and rafters has lower MOE values and about
35% higher MOR values than the manufactured panels with the most
intense TM (See Table 4). Two different oriented strand board (OSB)
products were also used for comparison (See Table 4). The first one
made of Southern pine had lower MOE, MOR, and IB strength than the
control and thermally modified panels, with WA and TS values similar
to the control group after 24 h submersion, and significantly higher
TS than the thermally modified composite from this work. The other
OSB used as a reference is a commercially available premium product,
with overall lower mechanical performance. Lastly, the MOE and MOR
values from two No. 1 visually graded small-diameter ponderosa and
lodgepole pine dimensional lumber products are presented, reflecting a
lower performance than the thermally modified panels reported herein.

3.3. Decay resistance

Results from the accelerated decay tests of both strands and pan-
els are shown in Fig. 13. It is seen that, as the TM temperature
increases, both materials (i.e., strands and panels in Figs. 13(a) and
3(b), respectively) become more resistant to the brown rot fungus
loeophyllum trabeum. In the case of the panels, two additional groups
ere also examined for comparison: (a) samples of Southern yellow
ine (SYP) solid wood specimens and (b) ACQ-treated SYP specimens.
he ACQ-treated specimens were more resistant to G. trabeum fungi
han panels manufactured from thermally modified wood, as tested.
10

owever, it is evident that thermal modification significantly improves
Table 6
Total number of specimens used for testing.

No. of panels B∥ B⊥ IB VDP WA&TS

Cotrol 5 20 12 60 60 20
150 ◦C/180 min 2 8 8 24 24 8
165 ◦C/45 min 3 12 – 36 36 12
165 ◦C/90 min 2 8 – 24 24 8
165 ◦C/135 min 3 12 – 36 36 12
165 ◦C/180 min – – – – – –
180 ◦C/180 min 3 12 12 36 36 12

TOTAL 18 72 32 216 216 72

the fungal decay resistance of panels produced with thermally modified
strands, suggesting that more hydrophobic strands improved long-term
durability of panels. Increased decay resistance of materials undergoing
TM results from the reduction of hemicelluloses in wood fibers since it
is known that modified wood reduces the amount of available water
needed for fungi to colonize wood cells [86].

3.4. Out-of-plane flexural performance of CLSVL

In order to model the out-of-plane bending behavior of CLSVL,
material properties (𝐸1 and 𝐸2) from the 1220 × 2440 mm panels used
for the fabrication of the 15-ply CLSVL beams were determined from
bending specimens, as described in Section 2.4. The values obtained in
this case were 𝐸1 ≈ 7 GPa and 𝐸2 ≈ 3 GPa, which are considerably
different than the values shown in Fig. 10 (panels made with the 889
× 889 mm hydraulic press). For instance, the strand’s orientation was
likely causing the difference, as 𝐸1/𝐸2 ratio was only 2.33, meaning
that the strand’s grain orientation was above the ±30◦ target from axis
1 (Fig. 3). Nevertheless, if the strand’s orientation issue is resolved,
then mechanical properties from the 1220 × 2440 mm panels would be

expected to be closer to the previously reported values in Section 3.2.
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Table 7
ANOVA analysis.
P-value

ANCOVA

Separate lines model Parallel lines model Model assumptions

𝑦 = (𝛼 + 𝛼𝑖) + (𝛽 + 𝛽𝑖)𝑥 + 𝜖 𝑦 = (𝛼 + 𝛼𝑖) + 𝛽x+𝜖 Normality Homoscedasticity

Response\Factor A B A × B A B Shapiro–Wilk Anderson–Darling Levene

Youngs modulus, 𝐸 (Fig. 5(a)) 0.118 <.0001 0.172 0.011 <.0001 0.229 >0.250 0.803
Youngs modulus, 𝐸 (Fig. 5(c)) 0.840 <.0001 0.802 0.155 <.0001 0.155 >0.250 0.058
Ultimate tensile strength, 𝑈𝑇𝑆 (Fig. 5(b)) 0.179 <.0001 0.128 <.0001 <.0001 0.083 0.034 0.740
Ultimate tensile strength, 𝑈𝑇𝑆 (Fig. 5(d)) 0.204 0.003 0.255 <.0001 <.0001 0.885 >0.250 0.484
Modulus of elasticity, 𝑀𝑂𝐸1 (Fig. 10(a), left) 0.001 <.001 0.094 0.002 0.001 0.034 0.124 0.559
Modulus of rupture, 𝑀𝑂𝑅1 (Fig. 10(b), left) 0.001 0.097 0.409 <.001 0.094 0.053 0.042 0.787
Modulus of elasticity, 𝑀𝑂𝐸1 (Fig. 10(a), right) 0.047 <.0001 0.065 0.002 <.0001 0.967 >0.250 0.318
Modulus of rupture, 𝑀𝑂𝑅1 (Fig. 10(b), right) 0.667 <.0001 0.371 <.0001 <.0001 0.224 0.192 0.790
Modulus of elasticity, 𝑀𝑂𝐸2 (Fig. 10(c)) 0.235 <.0001 0.133 0.007 <.0001 0.564 >0.250 0.203
Shear modulus, 𝐺23 (Fig. 10(d)) 0.575 0.186 0.536 0.254 0.152 0.080 0.075 0.416
Internal bond strength, IB (Fig. 11) 0.138 <.0001 0.017 <.0001 <.0001 0.185 >0.250 0.108

One-way ANOVA

𝑦𝑖𝑗 = 𝛼𝑗 + 𝜖𝑖𝑗
Degree of crystallinity, 𝐶𝑟𝐼 (Fig. 6) <.0001 – – – – 0.539 >0.250 0.591
Thickness swell, 𝑇𝑆 (Fig. 12(a)) <.0001 – – – – – – –
Water absorption, 𝑊𝐴 (Fig. 12(a)) <.0001 – – – – – – –
Wood-strands decay resistance (Fig. 13(a)) <.0001 – – – – 0.111 0.0987 0.370
Panels decay resistance (Fig. 13(b)) <.0001 – – – – 0.278 >0.250 0.397

A: Treatment; B: Density/Bolded values are significant (𝛼 = 0.05)
On the other hand, since 𝐺23 and 𝐺13 were found to be similar from
previous testing (Fig. 10), it is assumed that this material’s property
is not affected by the forming process. Consequently, the following
material properties were implemented in Eqs. (7)–(8) to predict the out-
of-plane bending behavior of CLSVL: 𝐸1 = 7 GPa and 𝐸2 = 3 GPa for
the control and thermally modified panels (165 ◦C/180 min), 𝐺13 = 𝐺23
= 0.1 GPa for the control panels, and 𝐺13 = 𝐺23 = 0.13 GPa for the
thermally modified panels (165 ◦C/180 min).

Table 5 shows the results from the out-of-plane bending in the
15-ply CLSVL specimens. It can be observed than the Shear Analogy
Method accurately predicts the stiffness and deflections of CLSVL under
different loading configurations and different span-to-depth ratios, l∕h.
This was verified for both scenarios: CLSVL made of control strands,
and CLSVL made of thermally modified strands. It is expected that
with more accurately estimated panel material properties (𝐸1, 𝐸2, 𝐺12,
and 𝐺23) the bending behavior prediction of CLSVL will be even more
accurate. This could be more easily achieved in the industry through
the use of controlled manufacturing protocols.

The failing mechanism for each beam was visually assessed, finding
that in all cases a shear failure occurred (Fig. 14). The loading caused
the wood fibers near the core laminates (transverse or orthogonal plies)
to fail and extend mostly horizontally from the point of loading towards
the support. The maximum load at which the beams failed was mea-
sured and used to estimate the shear limit state are shown in the last
column of Table 5. For instance, the CLSVL beam made from thermally
modified strands under four-point bending had a premature failure at
the PUR glue line. The manual application of the PUR resin with a
roller could have caused a non-uniform application of the adhesive,
leaving some sections of the bond surface with less resin. Moreover,
since this premature failure did not occur in the other CLSVL beam
made of thermally modified strands, it is thought that the TM is not
affecting the bonding performance with PUR, although further research
on this matter is necessary. Nevertheless, without consideration of the
specimen with premature failure at the glue line, no major difference
is observed in the estimated maximum shear stress values between the
control and the thermally modified composite panels. Yet, this cannot
be conclusive since the sample size is small and statistical analysis
could not be performed; thus, further testing would be required. Mass
timber products such as CLT often fail due to rolling shear, which
is minimized, if not eliminated, in wood strand-based mass timber
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products as reported elsewhere [82,87,88]. The CLSVL beams in this
study did not experience a rolling shear type failure either. Despite this,
the shear capacity of the CLSVL beams appear to be in the range of
values of traditional CLT, with strength capacity ranging between 1 to
3 MPa [88,89]. However, a larger sample size is necessary to accurately
estimate the shear strength capacity.

The findings shown herein establish a proof-of-concept for the use of
thermally modified wood-strand composites to be used as engineering
products. The CLSVL beams studied in this work are likely suitable
for a wide range of applications as structural elements in high mois-
ture environments. Furthermore, the thermally modified wood-strand
panels could also be used to fabricate tailored composite products for
different applications. For instance, the laminates could all be oriented
and bonded parallel to the direction of the grain to build mass timber
panels (as opposed to traditional CLT, which is manufactured from
perpendicular laminations), or in another scenario, the orientation of
the wood strands, while forming the panels, could be set to ∼ 45◦ from
axis 1 (see Fig. 3) in order to use the panel as a web in a wood joist
so that shear performance is maximized. Also, other optimal layouts
could be used to ensure that specific performance requirements are
met. Thus, with the continued growth of mass timber construction, this
work provides further performance improvements while making use of
underutilized small diameter timber.

4. Conclusions

The present work focuses on the development of durable wood
strand composites from thermally modified Engelmann spruce and
lodgepole pine strands. Thermal modification intensity, in terms of
dwell time and temperature, had no significant effect on tensile mod-
ulus of elasticity. However, temperature played a significant role on
tensile strength, with higher temperatures leading to lower strength.
The water wettability and hygroscopicity of the thermally modified
wood-strands was reduced, while surface free energy was found to
increase, possibly improving the wetting of pMDI resin used for the
manufacture of wood-strand composites. Moreover, a slight increase in
the degree of crystallinity was observed as TM temperature increased,
with an indication of a subsequent drop as treatment conditions become
more intense. This change in relative degree of crystallinity may be the

reason why the tensile modulus of elasticity was unaffected or slightly
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increased, depending on treatment intensity. The increase in degree
of crystallinity may also impart moisture resistance, since its structure
may result in reduced accessibility of water molecules to –OH groups.
There was not a significant effect on bending modulus of elasticity
of manufactured panels made of thermally modified wood-strands, al-
though a slight increase may exist. However, modulus of rupture in the
panels was reduced by TM, primarily by treatment temperature and, to
a lesser extent, dwell time. The internal bond strength was reduced with
TM intensity. Likewise, TM significantly reduced the thickness swell of
the composite panels. An indirect measurement of dimensional stabil-
ity, TS/WA ratio, was found to significantly decrease with increasing
TM intensity, indicating the resulting product to be more dimensionally
stable in moisture rich environments. The decrease of this ratio suggests
that the bound water capacity is reduced with TM. Lastly, TM improved
decay resistance when the wood-strands and wood-strand composite
panels were exposed to brown rot fungi G. trabeum. These factors
may be attributed to the removal of hemicelluloses which serve as
an alimentary source to fungi. Despite the strength reduction with
TM, the mechanical performance of the thermally modified wood-
strand composite panels is similar to or better than other wood-based
materials commonly used in structural applications. Also, TM could re-
duce the counterproductive springback effect after hot-pressing, giving
opportunity to densification of panels and hence improved mechanical
properties. The shear analogy method was found to be an appropriate
way to model the out-of-plane bending behavior of CLSVL, even for
the case of thermally modified wood-strands. The model accurately
predicted the bending stiffness of the tested beams under different
span-to-depth ratios and loading conditions (three-point bending and
four-point bending). In general, the implementation of the discussed
TM process likely increases the prospective service life of the material
by reducing the moisture intake and improving decay resistance and
dimensional stability.
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