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Abstract
The use of downed timber from felled pine trees presents an opportunity to reduce economic losses and enhance

sustainability in the forestry and construction industries. This study investigates the mechanical properties of lumber and
cross-laminated timber panels from pine trees that were felled and then remained on the ground for up to 1 year. Time
intervals included 0, 6, 9, and 12 months. Acoustic velocity (AV) and dynamic modulus of elasticity (DMOE) were used for
nondestructive evaluation. Additional properties of interest included moisture content and density. After equilibration,
moisture content across time intervals differed statistically but not practically. Density varied slightly across time intervals,
but differences were more likely a function of variations in parent trees rather than the result of time on the ground. The AV
and DMOE remained largely stable in lumber, suggesting minimal structural degradation over time. Cross-laminated timber
panels demonstrated consistently higher AV and DMOE values compared with lumber, underscoring the effectiveness of cross-
lamination in enhancing mechanical performance. The cross-lamination process mitigated the effects of aging and
environmental exposure, with no significant variations in density or AV over the study period. These findings suggest that
storm-damaged timber retains much of its structural viability for up to 1 year. The study highlights the potential of using
downed timber to promote sustainability in wood-based construction while reducing waste and economic losses.

The southeastern United States is rich in timber supply
and conversion operations (Prestemon et al. 2010, Rutledge
et al. 2021). Severe weather events (e.g., tornadoes, hurricanes)
are prevalent in this region and can be highly destructive toward
forestland, which leads to substantial economic losses of timber
resources (Prestemon et al. 2010). During the past century,
more than 160 hurricanes located in the Atlantic and Gulf
coasts have caused the aforementioned damages, particularly in
2005 when hurricanes Katrina and Rita, on August 29 and
September 24, respectively, resulted in the worst timber damage
to occur during recent decades (Blake et al. 2007). Prestemon
et al. (2010) estimated that the value of timber losses from
Katrina and Rita in Alabama, Louisiana, Mississippi, and Texas
was $2.25 billion. This amount was approximately twice that of
hurricane Hugo, which hit South Carolina in 1989. More
recently, approximately $4.4 billion in economic losses were
estimated from another hurricane in Louisiana, Mississippi,
Alabama, and Georgia in October 2020 (Yao et al. 2022).
In addition to direct timber and infrastructure losses, for-

est landowners are concerned about subsequent potential
problems, including bark beetles and wildfire (Long et al.
2005). If fallen trees stay in the forest for extended periods
without processing, the wood quality declines. Natural deg-
radation agents, such as blue stain, beetle infestations, and

ultimately wood decay, affect downed timber (Sellers
1985). Additionally, unprocessed timber can increase wild-
fire risks, disrupt wildlife habitats, and add costs and delays
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to harvesting (Wade 1993, Davis 1996, Long et al. 2005).
Thus, using timber from fallen trees not only minimizes
waste but also enhances forest management efficiency. This
recovery reduces economic losses and supports sustainable
practices by minimizing waste and ecological effect (Eleu-
terio et al. 2020). Salvaging downed timber also reduces
disease risks and maximizes resource sustainability (Ruslim
et al. 2023).
To efficiently use downed timber, new products and mar-

kets must be developed. This process requires wood-quality
assessments, with particular attention to moisture content
(MC), density, decay, and mechanical properties. Despite
the potential resource value of downed timber after storms,
minimal research regarding the mechanical performance of
recovered lumber is available.
Nondestructive testing (NDT) is effective at measuring

the quality of wood products in various forms, such as
small samples, logs, lumber, or standing trees. It can pro-
vide valuable mechanical properties information without
damaging the subject wood products (Wang et al. 2001;
Mora 2009; Legg and Bradley 2016). NDT techniques
have been used to detect the presence of discontinuities,
voids, or inclusions embedded in the material (Stephen
1991, Ross and Pellerin 1994, Bucur 1995, Dubey et al.
1997, Tanasoiu et al. 2002, Wang et al. 2004). Among var-
ious NDT methods, acoustic velocity (AV) is one of the
most common techniques for evaluating stiffness and
strength of different wood products (Bucur and Archer
1984; Bucur 1995, 2003). The AV is defined as the speed
of sound waves traveling through a subject material such
as wood, and it can be influenced by density, elasticity,
and MC (Grabianowski et al. 2006). This technique has
also gained popularity in the field of quality control and
inspection of materials. It has several advantages over tra-
ditional testing techniques because it is rapid, relatively
inexpensive, reliable, and not labor intensive (Bucur and
Böhnke 1994).
The relationship between sound propagation and the

mechanical properties of wood has been examined in sev-
eral studies (Haines et al. 1996, Wang et al. 2003, Ross
et al. 2004, Kotlı�nová et al. 2006, Bucur 2010). Nondestruc-
tive stress-wave techniques use a mechanical impulse to
determine the dynamic modulus of elasticity (DMOE) for
assessment of stiffness of wood (Jung 1979, Smulski 1991,
Bucur 2010). These can also be used for strength property
estimation (Pellerin and Ross 2002, Wang et al. 2007).
Such techniques, therefore, present an opportunity to evalu-
ate the quality of downed timber for salvaging and conver-
sion into new products such as cross-laminated timber
(CLT; Ma et al. 2021).
CLT is a structural wood composite material comprising

perpendicular layers of structural lumber. The crosswise
orientation increases the rigidity and stability of the panels.
In many applications, CLT construction can compete with
concrete, steel, and masonry. CLT panels can be used for
entire buildings as selected elements, such as roof underlay-
ment along with floor and load-bearing walls (Brandner
et al. 2016).
Peng et al. (2024) investigated the potential of using

downed loblolly pine trees felled by hurricanes and torna-
does as wood fibers in wood polymer composite manufac-
turing. They investigated the effect on pine trees of varying

ages (15, 30, and 39 yr) that were felled by hurricanes and
tornadoes and remained in the forest for 0, 6, and
12 months. That research suggested that as time-on-
ground increased, the wood fibers became rougher. In
addition, longer exposure has been shown to reduce the
fibers’ density and their ability to dissolve in sodium
hydroxide in younger felled trees. However, older trees
behaved differently, wherein lower MC and heat stability
were observed in the heartwood of 39-year-old trees. Fur-
thermore, higher AV was observed in larger and older 12-
month felled trees, indicating their stronger wood quality
(Musah et al. 2022).

DMOE is associated with how wood products elastically
deform under dynamic loading. More recently, no signifi-
cant differences in AV or DMOE were noted in lumber
from felled pine timber at 0 to 6 months’ time on ground.
For CLT panels, DMOE was lower at 6 months on-ground
as compared with 0 to 5 months (Khademibami et al.
2024).

Changes in the mechanical properties of felled pine trees
over a 1-year period, particularly in the southeastern United
States, are not well investigated. Unlike earlier studies that
examined short-term changes in felled pine or limited prod-
uct forms, this study uniquely evaluates nondestructive per-
formance (AV and DMOE) of both lumber and CLT panels
fabricated from felled pine trees left on the ground for up to
1 year in the southeastern US climate. Both the extended
time frame and the dual-product analysis investigated
herein provide novel insights into storm-damaged timber
use. It was hypothesized that NDT could help assess the
wood quality of lumber and CLT made from felled pine
trees, which remained on the ground for up to 1 year. There-
fore, the objective of this study was to assess changes in
NDT responses in lumber and CLT from felled pine trees at
times up to 1 year.

Materials and Methods

Wood sample preparation

Approximately 20 to 25 loblolly pine (Pinus taeda) trees
from the Alabama A&M University Winfred Thomas Agri-
cultural Research Station in Hazel Green, Alabama, were
marked for this study. All trees were felled on the same
date (June 28, 2023), which marks the starting point
(time zero). These felled trees were left on the ground in
the forest at this site for varying times (0, 6, 9, and 12
mo) to simulate environmental exposure post high wind-
type storm events. Environmental exposure in this study
refers to natural outdoor conditions, including seasonal
fluctuations in temperature (�58C to 358C), relative
humidity (55% to 95%), and rainfall typical of the south-
eastern United States. These factors influenced the timber
while left on the ground before processing. At these pre-
selected times, five trees were removed from the forest
and further processed (Table 1). At each time interval,
felled trees were bucked into 8-foot-long logs with a min-
imum top diameter, inside bark, of 7 to 8 inches (17.8 to
20.3 cm). Lumber was then sawn into 2 by 6-inch rough
green lumber and hauled to the Sustainable Bioproducts
Department at Mississippi State University in Starkville,
Mississippi.

Lumber was then kiln dried, planed, and moisture equili-
brated in a protected outdoor environment. Lumber was
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planed to a thickness of 1 5/8 inches for moisture equilibra-
tion. After the final set of lumber was delivered and ini-
tially processed, all lumber was moisture-equilibrated for
an additional 3 months (Fig. 1). For further processing,
approximately 80 pieces from each time interval were
selected (Table 1). The primary criteria for further pro-
cessing included minimal wane, minimal 98-inch length,
not more than 2 inches of bow, and not more than 1 inch
of crook.

MC and density

Lumber MC was measured using a Wagner L601-3
Quick Scanning Moisture Meter (Wagner Meter, Rogue
River, Oregon) designed for nominal 2-inch-thick pine
lumber. The MC was calculated using Equation 1:

MC% ¼ m2� m1

m1
3 100 ð%Þ (1)

where MC is moisture content, m2 is the initial mass (g),
and m1 is the dry mass (g).
Density (q) was determined by measuring specimen

dimensions and weight, using Equation 2:

q ¼ W

V
(2)

where q is density (kg per m3), W is weight (kg; air dry at
the time of testing), and V is volume (m3).

Figure 1.—Lumber sorting according to the time arrival 0 (left side-down), 6 (left side-up), 9 (right side-down), and 12 (right side-up):
no color, blue, green, and black colors, respectively.

Table 1.—Log collection time (after the felling).

Time

identification Month

Number

of logs

Number

of lumber Color

1 0 5 80 No color

2 6 5 80 Blue

3 9 5 80 Green

4 12 5 80 Black
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Nondestructive testing

Following MC and density measurement, NDT was per-
formed. NDT was conducted on individual lumber speci-
mens and on resultant CLT panels. After lumber was
evaluated by AV, it was sorted into high and low groups.
Constituent lumber, approximately 24 pieces from the high
AV sort and 24 pieces from the low AV sort, were then
selected for CLT production.

AV andDMOE

A Hitman Director HM220 (Fiber-gen, Christchurch,
New Zealand) instrument was used to measure time-of-
flight for both lumber and CLT panels, and the AV value
was subsequently calculated according to the method
described by Wang (2011). The time-of-flight was mea-
sured by the sensor and placed at one end of the lumber
specimen; then, the opposite end was tapped with a hammer
to generate a sound wave. The device recorded the time-of-
flight that traveled from one end to the other.
The DMOE was computed using Equation 3:

DMOE ¼ q3 ðAV 2Þ (3)

where DMOE is the dynamic module of elasticity (Pa), q is
density (kg per m3), and AV is acoustic velocity (m per s).
In the “Results” section, the data of DMOE with unit of Pa
were converted to million psi.
NDT was conducted on both the initial lumber and on the

resultant panels.

CLT production

For production, the candidate lumber, sorted by AV, was
finished by planing each face. Final lumber thickness was
1.5 inches. The widths of individual finish boards were 6
inches. As such, 24 boards were used to manufacture 4 by
8-foot, three-ply, CLT panels. Cold-setting polyurethane
adhesive was used. Two panels (one high AV and one low
AV) were manufactured from each of the time intervals (0,
6, 9, and 12 months).

Statistical analysis

All experiments were set as completely randomized
designs. Experimental units were either individual boards or
individual CLT specimens. Nondestructive evaluation data
were analyzed for each piece of lumber and CLT using one-
way analysis of variance (ANOVA) with general linear
mixed models (PROC GLIMMIX) in SAS 9.4 (SAS Insti-
tute 2013). In addition, the two-way ANOVA was used to
evaluate the main and interactive effects between lumber
and CLT panel groups within each time interval. Treat-
ment differences were deemed significant at a ¼ 0.05
level. Fisher’s protected least significant difference was
used for the separations of treatment means (Steel and Tor-
rie 1981).
The following statistical models were used for one- and

two-way ANOVA:
One-way ANOVA:

Yij ¼ lþ Pi þ eij (4)

where l was the population mean; Pi was the effect of time
intervals (j ¼ 1 to 4); and Ei was the residual error.

Two-way ANOVA:

Yij ¼ lþ Ti þ Pj þ ðTPÞij þ eij (5)

where l was the population mean; Ti was the effect of
lumber or CLT group treatments (i ¼ 1 to 2); Pj was the
effect of time intervals treatments (j ¼ 1 to 4); (TP)ij was
the interaction of each lumber or CLT group treatments
with each of the time intervals treatments; and Eij was the
residual error.

Results and Discussion

Lumber properties over time

MC and density.—Equilibrated MC of lumber (after saw-
ing, planing, drying, and equilibration) varied slightly from
9.6 percent for time zero lumber to 10.2 percent for the
lumber after 12 months on the ground (Table 2). This dif-
ference was statistically significant (P ¼ 0.0048) but not
considered practically significant. As such, any differences
in MC were not considered influential because a variation
that was less than 1 percent (9.6% to 10.2%) falls within
the industry tolerance range and does not affect mechani-
cal performance. Furthermore, ASTM D1990-16 Annex
A1 provides a method for adjusting mechanical properties
based on MC differences that are 1 percent or greater but
does not provide guidance for adjusting values in cases
where MC differences are less than 1 percent (ASTM
International 2025).

Lumber density fluctuated during the 1-year period
(P ¼ 0.0002). No real trend occurred upward or down-
ward in density over time. As such, it was estimated that
the statistical differences in density were attributable pri-
marily to variability in the parent trees rather than time on
ground.

AV andDMOE

The AV of lumber remained relatively stable across
time intervals, with values ranging from 4,753 m/s to
4,776 m/s (P ¼ 0.9978; Table 2). This consistency sug-
gests that the structural integrity (namely stiffness) of
lumber was not significantly compromised during the 1-
year period. This finding supports the notion of using
downed timber for construction applications (Khademi-
bami et al. 2024). These findings are consistent with
Bucur and Archer (1984), who demonstrated that AV is
strongly correlated with wood stiffness and is minimally
affected by short-term moisture fluctuations. In addition,

Table 2.—Mean physical and mechanical properties of downed
tree lumber in different time intervals.

Month

0 6 9 12 SEM P value

Moisture content (%) 9.6b 9.3b 9.6b 10.2a 0.25 0.0048

Density (kg/m3) 473c 509a 498ab 485bc 8.4 0.0002

AV (m/s)d 4,765 4,753 4,759 4,776 113.23 0.9978

DMOE (million psi)d 1.58 1.70 1.66 1.65 0.093 0.6298

a–c Treatment means within the same column within the effect with no

common superscripts are significantly different.
d AV ¼ acoustic velocity; DMOE ¼ dynamic modulus of elasticity.
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the constant DMOE across time intervals suggests lumber
stiffness and load-bearing properties did not degrade
over time. Previous studies have shown that although
AV and DMOE are sensitive to internal structural
changes, minor variations in moisture and density over
short periods may not cause significant mechanical deg-
radation (Ross 2008, Wang 2011).

CLT properties over time

Density and structural stability.—The density of CLT
panels did not differ across all time intervals (P ¼ 0.9326).
Values ranged from 490 to 494 kg/m3 (Table 3). This find-
ing suggests that the composite effect and randomization of
constituent material in CLT manufacturing helps minimize
density variation. Llana et al. (2022) demonstrated that
engineered wood products, particularly CLT, show minimal
density variation due to the adhesive bonding process,
which mitigates the effects of moisture absorption and bio-
logical degradation.

AV andDMOE

AV values for CLT ranged from 6,418 to 6,733 m/s, with
no statistically significant differences across time intervals
(P ¼ 0.6567), indicating that the cross-lamination process
may enhance structural stability and mitigate the effects of
wood aging (Ma et al. 2021). The enhanced AV values in
CLT compared with lumber confirm findings by Bucur
(2010), which highlight the benefits of engineered wood
products in maintaining acoustic and mechanical perfor-
mance over time.
The DMOE values for CLT panels did not significantly

differ (P ¼ 0.5817) within the 1-year period and ranged
from 2.97 to 3.26 million psi (Table 3). This finding was
similar to that in a separate study conducted by Khade-
mibami et al. (2024) on CLT from felled trees that
remained on the ground from 0 to 6 months. This trend
suggests that possible degradation within a 1-year time
period may have a negative effect on lumber quality, but
the CLT panels manufactured therefrom remained rela-
tively unchanged and potentially viable for construction
applications (Llana et al. 2022).

Comparative analysis of lumber and CLT

No statistically significant interactive effects occurred
between wood products and time interval; however, a
significant effect for AV and DMOE was found between
lumber and CLT panels (Table 4). CLT panels exhibited
higher AV and lower DMOE in comparison with lumber
(Fig. 2). Other studies have also indicated that engi-
neered wood products often outperform solid wood in

mechanical performance (Ross - 2008, Wang - 2011).
Furthermore, previous studies have emphasized that
CLT panels, due to their cross-laminated structure,
exhibit improved resistance to mechanical degradation
compared to traditional lumber (Karacabeyli and Doug-
las 2013, Espinoza et al. 2018). This structural advan-
tage suggests that CLT panels may be a promising
material and market in regions prone to natural disasters,
where salvaged timber could be used efficiently (Ashley
and Strader 2016).
The findings of this study suggest that lumber obtained

from downed pine trees may remain functionally viable

for 12 months. The lack of significant deterioration in

AV and DMOE supports the potential for using storm-

damaged timber for structural applications. Such use

would reduce waste and support sustainable forest man-

agement practices (Eleutério et al. 2020). From a sustain-

ability perspective, salvaging downed trees for CLT

production contributes to the reduction of construction

waste while promoting responsible forest management

(Ramage et al. 2017). Future research is needed to deter-

mine the long-term durability and environmental effects

of using salvaged timber beyond 12 months and salvaged

timber from various woody species that are commer-

cially used for engineered wood products to further

enhance resource efficiency in the forestry and construc-

tion industries.

Table 3.—Mean mechanical properties of CLT panels in four
different time intervals.a

Month

0 6 9 12 SEM P value

Density (kg/m3) 494 490 495 494 7.9 0.9326

AV (m/s)a 6,733 6,527 6,693 6,418 281.1 0.6567

DMOE (million psi)a 3.26 3.04 3.22 2.97 0.243 0.5817

a CLT ¼ cross-laminated timber; AV ¼ acoustic velocity; DMOE ¼ dynamic

modulus of elasticity.

Table 4.—Mean AV and DMOE of lumber and CLT panels
made from downed trees in four different time intervals.a

Time intervals AV (m/s) DMOE (million psi)

Month

0 5,753 2.41

6 5,640 2.36

9 5,742 2.44

12 5,597 2.31

SEM 224.4 0.183

Wood products

Lumber 4,766b 1.64b

CLT 6,600c 3.10c

SEM 112.2 0.129

Wood products by months

Lumber

0 4,773 1.56

6 4,754 1.70

9 4,759 1.66

12 4,776 1.65

CLT

0 6,733 3.26

6 6,526 3.03

9 6,724 3.22

12 6,418 2.96

SEM 317.4 0.258

P value

Month 0.8722 0.8929

Wood products ,0.0001 ,0.0001

Wood products by month 0.8654 0.681

a CLT ¼ cross-laminated timber; AV ¼ acoustic velocity; DMOE ¼
dynamic modulus of elasticity.

b,c Treatment means within the same column within effect with no com-

mon superscripts are significantly different.
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Conclusions
The aim of the current study was to investigate the

NDT characteristics of lumber and CLT panels from
felled loblolly pine trees over a 1-year time period. Find-
ings showed that equilibrated lumber MC varied with
treatment time, but differences were of no practical sig-
nificance. Density varied among time intervals, but the
differences seemed more attributable to parent tree den-
sity than to time on the ground. The incorporation of
more trees into each treatment time and perhaps more
randomization in the forest would have minimized any
statistical differences in density.
Seasonal variations (i.e., rainfall, humidity, temperature)

were inherent in the outdoor exposure. However, within
1 year, no significant effects on AV or DMOE were
detected. No meaningful differences in AV and DMOE

were observed across the time intervals. These results indi-
cate that although some level of change in the structural

variable of downed lumber may take place within a 1-year
time period, their nondestructive mechanical performance
remained stable, possibly due to limited degradation.
Extended multi-year monitoring may reveal stronger sea-
sonal influences.

Observed AV and DMOE were higher in CLT panels com-
pared with lumber. This finding indicates that the composite
action associated with these engineered panels minimized
variability and improved overall properties.

The significant enhancement in structural properties
observed in CLT panels compared to solid lumber under-
scores the advantages of engineered wood materials in miti-
gating the effects of aging and environmental exposure.
These findings support the feasibility of using salvaged tim-
ber for construction, contributing to sustainable forestry
practices and reducing economic losses from storm-dam-
aged trees.

Future research is needed to investigate the long-term
durability of CLT panels made from salvaged wood, partic-
ularly in varying climatic conditions. Additionally, analyses
of chemical composition and decay resistance of downed
timber can provide deeper insights into optimization of their
application for high-performance construction materials. By
promoting the efficient use of natural resources, this
research aligns with broader goals of sustainability and
resilient infrastructure development.
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