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Abstract

Growing demand for renewable energy from biomass has prompted exploration of timber
transportation concepts. This study evaluated the operational and regulatory boundaries of
whole-tree hauling using a modified log trailer in the southeastern United States. Two designs,
a swinging gate and an extendable bolster, were developed to accommodate full-length, un-
processed loblolly pine (Pinus taeda) and contain tree crowns. The swinging gate was selected
for field testing due to its lower cost, lighter weight, and structural reliability. Field testing
included nine loads evaluated under unprocessed, trimmed, and delimbed trees. Axle
weights and net payloads were evaluated with tandem and tridem axle regulations. The mod-
ified trailer increased biomass recovery, while processed biomass represented 14% of total
load weight. However, the mean trimmed loads exceeded tandem-axle allowances reviewed
for the eleven southeastern states considered. Pulpwood-sized timber required less trimming
and allowed better crown containment than chip-and-saw timber. Overall, the modified
trailer can improve biomass recovery, but practical implementation is strongly constrained by
timber characteristics, axle configuration, and state-specific weight regulations.

Keywords: biomass transportation; trailer modification; extendable bolster;
swinging gate design; timber transportation; whole-tree hauling; axle weight;
gross trailer weight; loblolly pine

1. Introduction

Growing concerns over fossil fuel use have increased interest in renewable energy
sources in the United States. Scientists and engineers have explored renewable resources as a
means to supplement fossil fuel consumption and extend the longevity of diminishing re-
serves [1,2]. Recent studies emphasize that transitioning to renewable energy systems is not
only essential for energy security but also critical for achieving carbon neutrality goals [3-5].
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One promising renewable energy source is biomass derived from forest residues and
short-rotation woody crops, such as fast-growing pine or poplar species [6-8]. Wood has
received increasing attention as an energy source because timber can be regrown within
a relatively short time. Modern silvicultural practices, including improved planting stock,
irrigation, competition control, and fertilization, can increase tree growth and shorten the
time needed to produce usable biomass [9-11]. Unlike fossil fuels, which require extensive
geological time to form and are non-renewable, timber produced under short-rotation in-
tensive culture can grow into usable biomass fuel material for energy production within
1 to 15 years, depending on the species [12,13].

In recent years, increasing attention has been given to improving the logistics and sup-
ply chain of woody biomass, which significantly influences the economic feasibility and sus-
tainability of bioenergy production [14-16]. Building on this focus, the recent literature has
begun to analyze the efficiency of different truck and trailer configurations for transporting
forest biomass. For example Howitt and Ghaffariyan [17] identified key factors influencing
biomass transport efficiency, material density, moisture content, hauling distance, legal
weight limits, and payload capacity, and compared different configuration options across
regions. In addition, Derochers et al. [18] compared raw-forest products trucking and gen-
eral commercial trucking in the U.S. South, highlighting how weight limits, trailer configu-
rations, and operational constraints shape the feasibility and economics of timber transport
under current regulations. Moreover, case studies from southern U.S. log-truck operators
show that existing gross vehicle weight (GVW) limits for log trucks are among the lowest in
timber-producing regions; a survey in Georgia found that the majority of loggers and in-
dustry representatives consider the current GVW limits too restrictive for efficient hauling
[19]. These findings signal that regulatory context, especially axle-weight limits, plays a de-
cisive role in transport feasibility, not just the vehicle design itself.

One proposed system to enhance the amount of renewable biomass available for use is a
timber processing depot, where limbs and crowns are processed at a centralized facility rather
than at the harvesting site. This system aims to optimize biomass yield and minimize the
amount of recoverable material left in the field. Centralized processing can also reduce con-
tamination and ash content, thereby improving the energy quality of biomass fuel [20,21].

However, the success of such depots depends on the efficient and safe transportation
of whole trees or partially processed stems from forest stands to the depot. The current
timber transportation system is designed for fully processed logs [9,22,23]. The envisioned
application focuses on chip-and-saw (CNS)-sized southern yellow pine, a mid-diameter
timber class suitable for both lumber and wood chips; however, hauling such unprocessed
trees on traditional double bunk log trailers leaves crowns uncontained, posing safety and
compliance issues [24]. To mitigate this risk, haulers sometimes trim the crowns with pole
saws after loading, but this practice reduces payload and discards a substantial portion of
potentially valuable biomass that could otherwise serve as fuel material. Lancaster et al.
[24] demonstrated that even modified log trailers struggle to safely transport whole-stem
southern yellow pine, highlighting the logistical and regulatory challenges of using con-
ventional timber transportation systems for unprocessed wood biomass supply chains.

Therefore, the objective of this study is to evaluate the operational and regulatory
feasibility boundaries of whole-tree transportation systems designed for depot-based pro-
cessing in the U.S. South. The main goal of the design process was to modify an existing
log trailer so that it retained its versatility, avoiding the need for loggers to purchase a
specialized, purpose-built trailer that could tie up limited capital in underutilized equip-
ment. To achieve this, two modified trailer designs, the swinging gate and the extendable
bolster, were conceptualized, fabricated, and field-tested to assess their structural perfor-
mance, loading characteristics, and compliance with legal axle weight limits. By identify-
ing the constraints and opportunities associated with hauling unprocessed loblolly pine
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(Pinus taeda), this study provides practical insights into how equipment modification,
transportation regulations, and operational conditions collectively shape the feasibility of
implementing timber processing depots at a regional scale.

2. Materials and Methods
2.1. Study Conceptualization and Field Setup

Transportation laws and regulations were reviewed for eleven southeastern U.S.
states where loblolly pine (Pinus taeda) naturally occurs to establish constraints for the
trailer modification design and evaluate the feasibility of the transportation method across
individual states. Semi-truck and trailer dimensional restrictions (length, height, and
width), allowable load overhang, state and federal gross vehicle weight limits, and allow-
able axle weights were reviewed. The allowable gross vehicle weight across the region
was mostly consistent at 80,000 lbs (36,287 kg), with tolerance varying among states from
0 to 15%. State-specific dimensional limits and timber transportation exemptions are sum-
marized in Appendix A.1, and GVW, applicable tolerances, and axle weight restrictions
are presented in Appendix A.2.

Loblolly pine trees were felled at Auburn University’s Mary Olive Thomas Demon-
stration Forest and skidded to a loading deck. Trees were loaded onto the modified trailer,
which was donated to this project, without deliberate limb or crown removal until the
stacked height reached the front standard height, ensuring maximum trailer volume uti-
lization without overloading. Six trailer loads consisted of CNS-sized timber, and three
loads consisted of pulpwood (PWD)-sized timber.

2.2. Trailer Modifications

Two trailer modifications were designed: a swinging gate and an extendable bolster,
both mounted on a Pitts LT40-8L double-bunk log trailer (Pitts Trailers, Pittsview, AL,
USA), chosen for its similarity to commercially available log trailers. ASTM A36 mild low-
carbon steel was selected for construction due to its availability, low cost, and adequate
mechanical properties.

The swinging gate design uses a crosshatched metal gate (Figure 1) mounted on the rear
bunk of the log trailer. The gate is attached only to the two rear standards (vertical steel stakes)
and does not connect to the front pair. These rear standards are modified so they can rotate
180 degrees, allowing the gate to move from the closed position shown in Figure 1 to the new
open position shown in Figure 2. When opened to the rear of the trailer, the gate helps contain
the limbs and crown material that extend beyond the trailer and would otherwise need to be
trimmed before transport on a standard trailer. The modification can be removed by lifting
the rear standards and gate assembly from the trailer and sliding the gate off the standards.
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Figure 1. Swinging guide design-closed position for unloaded transportation.
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Figure 2. Swinging guide design-opened position for loaded transportation.

The extendable bolster design uses an additional bolster with two standards that can
be extended from its collapsed position next to the rear bolster (Figure 3) to an extended
position behind the trailer. In the extended position, the bolster supported and contained
tree crowns extending beyond the rear of the trailer (Figure 4). Two square steel tubes
passed through slots cut into the existing trailer bolsters and act as sliding rails for the
modification. Stoppers were installed on the forward ends of the tubes to limit how far
the bolster can extend.

12.23m
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Figure 3. Extendable bolster design- collapsed.

Two crosshatched chain nets were installed along the sides of the trailer between the
rear trailer standards and the standards of the extendable bolster. As the bolster was ex-
tended, the chain nets became taut and helped contain the tree crowns (Figure 4). When
the bolster was returned to its collapsed position, the nets also collapsed, reducing the
overall size of the modification and making it easier to maneuver. To remove the modifi-
cation from the trailer, the stoppers could be detached, allowing the steel tubes to slide
out through the pre-cut slots in the bolsters.
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Figure 4. Extendable bolster design-extended.

2.3. Structural Analysis

Potential locations of structural failure due to yielding were identified for both mod-
ification designs, and the forces and bending moments acting at these locations were cal-
culated. Yield strength represents the stress threshold at which a material begins to de-
form plastically. All structural calculations were performed under static loading assump-
tions and the sum-of-forces method.

After identifying potential failure locations, static load analyses were performed by
applying known weights representing the modification mass and the biomass material
the design would support. The calculated bending moments at critical locations were then
compared with the yield capacity of the corresponding structural members to evaluate
the structural adequacy of each design.

2.4. Swinging Gate Structural Analysis

For the swinging gate design, the critical stress point was located on each rear standard
directly below the collar where the gate was attached. Each gate weighed 577 Ib (261 kg),
generating a bending moment of 2867 Ibf.ft (pound-feet) or 3.89 kN-m (kilonewton-meters)
at this location. The standards of the Pitts LT40-8L trailer [25] are manufactured from steel
with an estimated yield strength of 70,000 psi (pounds per square inch) or 482.63 MPa (meg-
apascals). A moment of 50,283 Ibf.ft (68.18 kN'm) would be required to reach this yield
threshold. The applied moment therefore represented approximately 6% of the calculated
yield capacity, indicating adequate structural capacity under the assumed static load.

To verify these calculations, a force analysis was performed on the donated trailer
used for prototype installation. The constructed gates weighed slightly less (558 Ib or 253
kg), generating a moment of 2798 Ibf.ft (3.79 kN-m) at the critical location. The rearmost
bolster, constructed of 3/8-inch (0.95 cm) thick steel tubing with a diameter of 6.72 in (17
cm), was conservatively assumed to have a yield strength comparable to ASTM A36 steel,
36,300 psi (250.26 MPa). Calculations indicated that a moment of 33,986 Ibf.ft (46.08 kN-m)
would be required to plastically deform the standards well above the applied moment,
confirming structural adequacy.

2.5. Extendable Bolster Structural Analysis

For the extendable bolster design, the location most likely to experience structural
failure was on the support beams just beyond the point where they passed through the
slots in the rearmost bolster, where bending stresses are maximized. The modification re-
quired supporting both its own weight (estimated 1384 1b or 628 kg) and the additional
crown biomass left on the stems (estimated 13,365 Ib or 6062 kg). Under a conservative
worst-case scenario in which the biomass weight was assumed to act entirely on the

https://doi.org/10.3390/f17111326



Forests 2026, 17, 1326

6 of 18

modification as a point load, each of the two support beams experienced a bending mo-
ment of 78,538 1bf.ft, equivalent to 106.5 kN-m.

The biomass estimate was computed using green weights of 45 hypothetical loblolly
pine trees with a diameter at breast height (DBH) of 30.5 cm and a height of 18.3 m. Total
tree green weight was compared to the 15.24 cm merchantable top green weight using
published values from Clark and Saucier [26].

Under a conservative worst-case assumption that the entire biomass load acted on
the modification as a point load, each of the two support beams experienced a bending
moment of 78,538 (Ibf.ft), equivalent to 106.5 kN-m.

ASTM A36 steel has a yield strength of 36,300 psi, equivalent to 250.26 MPa. A hollow
tubing beam with dimensions 4 x 3 x 0.5 in (10.16 x 7.62 x 1.27 cm) could withstand a
maximum bending moment of 10,588 Ibf.ft (14.36 kN.m) before yielding, so the applied
moment exceeded its capacity by a factor of 7.5. Replacing the tubing with a solid 4 x 3 in
(10.16 x 7.62 cm) beam increased capacity to 13,613 Ibf.ft (18.46 kN-m), yet the applied
moment still exceeded the yield threshold by a factor of 5.8. Under this intentionally con-
servative loading assumption, the extendable bolster did not provide sufficient structural
capacity and was therefore rejected from further consideration.

2.6. Design Selection and Fabrication

After completing the static load analysis for both designs, material densities and unit
costs were compiled to estimate total weight and fabrication cost of each modification. Because
the modifications were intended for installation on existing trailers, the selection criteria in-
cluded lowest total cost, minimal added weight, and sufficient structural integrity to avoid
any risk of failure under load. Keeping the modification weight low was a concern, since any
added trailer weight reduces the amount of timber that can be hauled within the legal vehicle
and axle weight limits. These criteria were intended to minimize additional financial burden
on loggers while allowing as much payload weight as possible to remain available for timber.

Based on these criteria, the swinging gate design was selected for prototype construc-
tion because it had a lower estimated material cost and weight than the extendable bolster
design and its structural performance exceeded safety requirements. Engineering draw-
ings were delivered to a local machinist, and the design was successfully fabricated and
installed on a trailer donated specifically for the project. The fabricated swinging-gate
modification had an estimated material cost of $1737.85.

2.7. Trial Load Testing

Once the unprocessed timber was loaded, weight measurements were taken for all
five axles of the truck and modified log trailer. Trees were felled and loaded on the same
day, so the weight reflects green (freshly harvested) wood. Weight measurements were
collected using four Intercomp PT300 portable truck scales (Intercomp Company, Medina,
MN, USA) with an accuracy of +1%. Scheuter [27] states that gross vehicle weight is not
affected when weighing is performed on level ground with less than a 5% longitudinal
slope. For this reason, all weight measurements were taken on level ground with less than
a 5% slope to minimize possible measurement error.

After the initial weighing, crowns and any limbs extending beyond the modification
were trimmed so that the load met transportation regulations, and all five axles were
weighed again. A knuckleboom loader and trailer-mounted delimber were then used to
unload the trees and process them to a merchantable top. Once processed, the trees were
reloaded onto the trailer and weighed a third time. Finally, the trees were unloaded, and
the truck and empty modified trailer were weighed to obtain the tare weight.

Net load weights were calculated by subtracting the unloaded truck-and-trailer
weight from the corresponding loaded weight. This approach was used to account for
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potential variability in scale measurements over the duration of the loading tests, assum-
ing that similar measurement variability affected both loaded and unloaded weights.

2.8. Axle-Group Weight Analysis

The axle weight measurements were summarized for the truck tandem driver axles
and the modified trailer tandem axles. These weights were compared with the legal tan-
dem-axle weight provisions identified for the southern states included in the regulatory
review (Table A2).

The measured axle-group weights were also reviewed against applicable tridem-axle
limits to assess whether the additional axle capacity could improve the feasibility of the
transportation method.

2.9. Statistical Analysis

Recorded axle-weight measurements from each trial load were entered into Mi-
crosoft Excel for Microsoft 365 (Microsoft Corporation, Redmond, WA, USA) and sum-
marized to calculate net load weights for the untrimmed, trimmed, and processed load
conditions. The difference between the untrimmed and trimmed load weights represented
the amount of material removed to meet transportation requirements. The difference be-
tween the untrimmed and processed load weights represented the additional biomass
transported when trees were hauled unprocessed instead of processed chip-and-saw tim-
ber. These weight differences were calculated for each trial load and summarized using
descriptive statistics.

Right-tailed ¢-tests were used to compare untrimmed and trimmed loads, trimmed and
processed loads, and untrimmed and processed loads. A two-tailed t-test was also per-
formed to compare the load-weight differences between CNS and PWD product classes.

3. Results
3.1. Trial Load Testing Results

Modified trailer loads of unprocessed whole trees were examined by product class.
Figure 5 presents the average adjusted trailer load weights for PWD, CNS, and all loads
combined.

PWD Loads

CNS Loads

Combined Loads

T T T T T T T
0 5000 10,000 15,000 20,000 25,000 30,000 35,000
Load weight (kg)
M Processed Stems Trimmed Biomass O Processed Biomass

Figure 5. Modified trailer load weight averages for PWD, CNS, and combined loads.

Modified trailer loads (1 = 9) averaged 9111 Ib (4133 kg) (+1481 Ib [672 kg], 95% CI) of
processed biomass when product class was ignored. CNS loads (1 = 6) averaged 9727 Ib
(4412 kg) (+1868 1b [847 kg], 95% CI) of processed biomass, while PWD loads (1 =3) averaged
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7880 1b (3574 kg) (£1645 b [746 kg], 95% CI). This processed biomass represents material
that would remain attached to the stem during transport and become available to the timber
processing depot rather than being removed during conventional processing.

The trimmed CNS loads, which are the loads that would actually be hauled to the
timber processing depot, still extended well past the rear of the modified trailer. A large
portion of the crown and biomass material remained beyond the reach of the swinging
gates when they were opened (Figure 6a). This limited the effectiveness of the modifica-
tion for CNS timber, even though the loads contained nearly 9700 1b/4400 kg of additional
biomass. Shortening the stems, such as by bucking a 16-ft (4.9 m) saw log from the stem,
could reduce the overall tree length and bring more of the crown within reach of the

swinging gates. In comparison, a larger portion of the crowns (biomass material) on the
trimmed PWD loads remained within reach of the gates because the PWD trees were
shorter than the CNS trees (Figure 6b). Statistical testing (a = 0.05) did not detect a signif-
icant difference between the distributions of CNS loads and PWD loads (Table 1), alt-
hough the small sample size (1 = 9) limited the power to detect potential differences.

Figure 6. (a) CNS timber load and (b) PWD timber load on the modified trailer after trimming to

comply with transportation regulations.

Table 1. Mann—-Whitney—Wilcoxon test results for differences between product classes.

Biomass Type CNS Average (kg) PWD Average (kg) p-Value
Trimmed Biomass 916 366 0.1667
Processed Biomass 4412 3574 0.1667

Figure 7 presents the same load components as percentages of total net load weight,
allowing comparison of their relative contributions across product classes. Trimmed bio-
mass accounted for a relatively small proportion of total load weight, averaging 1% for
PWD loads, 3% for CNS loads, and 2% for all loads combined. In contrast, processed bio-
mass accounted for approximately 14% of total load weight across PWD, CNS, and com-
bined loads. Because only three PWD loads were evaluated, the PWD estimates should be
interpreted cautiously, as reflected by the wider confidence intervals for this product class.
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PWD Loads

CNS Loads

Combined Loads

L T T T T T T T T T

0% 10% 20% 30% 40% 50% 60% 70% 80% 90% 100%

[ Processed Stems [ Trimmed Biomass [ Processed Biomass

Figure 7. Modified trailer load weight averages as a percentage of the net load weight.

Although no statistically significant difference was detected between PWD and CNS
loads (Table 1), practical differences were observed in their transportation characteristics.
PWD loads averaged 7880 Ib (3574 kg) of additional biomass, only 0.92 tons (0.83 tonnes)
less than CNS loads, while requiring less trimming on average. The amount of biomass
removed during trimming was statistically significant, and PWD loads averaged 2 per-
centage points less trimmed material than CNS loads. Together with the greater propor-
tion of crown material contained by the swinging gates, these results indicate that a larger
proportion of the whole-tree load could be delivered to the depot when hauling PWD
rather than CNS trees.

3.2. Axle-Group Weight Results

Tandem axle weights from all nine loads were examined for the truck and trailer
under the untrimmed, trimmed, and processed load conditions. All samples, regardless
of product class, were included in this analysis because no statistically significant differ-
ence was detected between CNS and PWD load weights.

The truck tandem axle weights averaged 35,802 Ib (16,239 kg) (+2892 1b [1311 kg],
95% CI), 35,913 Ib (16,289 kg) (2753 1b [1248 kg], 95% CI), and 38,853 1b (17,623 kg) (+2698
Ib [1223 kg], 95% CI) for the untrimmed, trimmed, and processed loads, respectively (Fig-
ure 8). The modified trailer tandem axle weights averaged 54,180 Ib (24,575 kg) (+4419 Ib
[2004 kg], 95% CT), 52,500 1b (23,813 kg) (+4152 1b [1883 kg], 95% CI), and 40,327 1b (18,292
kg) (2953 1b [1339 kg], 95% CI), respectively.

35,000

30,000

25,000

20,000

Weight (kg)
&
[=3
S

10,000

5000

Truck Truck Truck Trailer Trailer Trailer
Untrimmed Trimmed Processed Untrimmed Trimmed Processed

B Average Tandem Axle Weight (kg) I 95% Confidence Interval
——— Highest State Limit (20,865 kg) Lowest State Limit (15,422 kg)

Figure 8. Average tandem axle weights.
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Comparisions with the state regulations reviewed in this study (Table A.2) showed
that the mean trimmed trailer tandem axle weight of 23,813 kg exceeded the tandem-axle
allowances identified for the southern states evaluated.

4. Discussion

This study evaluated the operational feasibility of transporting unprocessed whole
trees, including stems and crowns, to a centralized timber processing depot using a mod-
ified standard log trailer. The swinging-gate modification effectively captured limbs, in-
creasing the amount of wood available for bioenergy, while feasibility varied by timber
size. CNS timber presented challenges due to high crowns and extensive branch trim-
ming, causing most loads to exceed tandem-axle regulations, whereas PWD timber was
more compatible with the modified trailer, requiring less trimming and achieving higher
transport efficiency. The modified trailer retained approximately 4412 kg of additional
biomass per CNS load and 3574 kg per PWD load compared with conventionally pro-
cessed loads. Assuming five loads per day, this would represent approximately 22,060 kg
and 17,870 kg of additional biomass per day for CNS and PWD loads, respectively. Alt-
hough CNS loads provide slightly more biomass per load, they require additional labor
for trimming and handling (estimated at 20-40 min per load) and may pose safety con-
cerns. In contrast, PWD loads are more manageable and safer to transport. The swinging-
gate modification costs approximately $1737.85 and weighs 253 kg per gate, providing a
cost-effective and structurally safe solution. Regulatory feasibility also varied considera-
bly by state, particularly when tandem and tridem axle weight limits were considered.

4.1. Regulatory Context and Axle Weight Limits

The axle-group weights measured during the field trials indicate that transportation
regulations are an important constraint on the use of the modified trailer. The mean trailer
tandem-axle weight for the trimmed loads was 52,500 Ib (23,813 kg), which was above the
tandem-axle allwoances reviewed for the states included in this study. In Alabama, for
example, the non-Interstate tandem-axle limit is 36,000 Ib (16,329 kg), with a 10% enforce-
ment tolerance increasing this value to 9,600 Ib (17,962 kg) (Table A.2). The corresponding
tridem-axle value is 42,000 Ib (19,051 kg), or 46,200 1b (20,956 kg) when the same tolerance
is considered (Table A.2). These values remain below the average trimmed trailer axle-
group weight measured during the field trials.

Georgia provides higher allowable axle weights for some forest-products move-
ments. Qualifying forest-produce vehicles may operate with tandem-axle weights of
46,000 1Ib (20,865 kg), with additional variance available under specified conditions. Even
with these provisions, the average trimmed trailer axle-group weight measured in this
study remained relatively high compared with the tandem-axle allowances reviewed.

The regulatory comparison therefore indicates that the feasibility of whole-tree haul-
ing depends not only on the measured axle-group weights, but also on the specific weight
provisions available in each state, including tolerances, permits, and axle configurations
[19] Because additional axles can increase allowable gross vehicle weight while distrib-
uting the load over more axles [19], tridem or other multi-axle configurations may im-
prove the feasibility of transporting heavier trimmed whole-tree loads where such config-
urations are permitted. Across the eleven southern states considered, additional axle ca-
pacity was available in some cases through tridem-axle configurations, forestry exemp-
tions, tolerances, or overweight permits. These provisions could improve the feasibility of
transporting trimmed whole-tree loads, but their applicability would depend on the spe-
cific vehicle configuration, route, and operating conditions. This regulatory constraint
may become increasingly important if southern timber loads continue to increase in
weight over time [28].

https://doi.org/10.3390/f17111326



Forests 2026, 17, 1326

11 of 18

4.2. Timber Size and Operational Suitability

Timber size strongly influenced the operational suitability of the swinging-gate mod-
ification. The greater height of the CNS trees resulted in a large portion of the crowns
extending beyond the reach of the swinging gates. Although the modification helped con-
tain limbs and crown material within the width of the trailer, it did not address the exces-
sive tree length and resulting rear overhang. Therefore, additional trimming was required
for some CNS loads to meet transportation regulations. In contrast, the shorter PWD trees
allowed more crown material to remain within the area contained by the swinging gates,
reducing the amount of trimming required.

Although CNS loads retained a greater weight of additional biomass, PWD loads
retained a larger percentage of the original whole-tree load after trimming. This indicates
that PWD-size trees may be better suited for transportation using the swinging gate mod-
ification. Previous studies conducted in the U.S. and Europe [24,29-32] also identified tree
diameter, stem length, and crown characteristics such as branch distribution and crown
density as factors affecting whole-tree transportation. Therefore, the feasibility of this
transportation method depends not only on the ability of the modification to contain
crown material, but also on the size and characteristics of the trees being transported.
Smaller-diameter trees with shorter crowns may be more suitable for this method because
more crown material can be contained while reducing the trimming required to meet
transportation regulations.

4.3. International Experience and Transport Optimization

Global experience underscores that efficient transport of unprocessed or partially
processed forest biomass demands an integrated approach encompassing truck and
trailer configurations, payload density optimization, and stringent regulatory compliance
to balance economic viability, safety, and environmental impacts [30,33,34]. In Europe,
particularly in Nordic countries like Finland and Sweden, higher gross vehicle weight
(GVW) allowances, often exceeding 76 tonnes for multi-axle configurations, facilitate safe
and cost-effective long-distance hauling of tree-length logs and biomass residues, ena-
bling up to 20-25% higher payload capacities compared to standard setups [30,35]. Simi-
larly, select regions in North America, such as the Pacific Northwest and parts of Canada,
permit elevated GVW limits (up to 63.5 tonnes or more under provincial exemptions) for
specialized log trailers with extended bunks or stakes, which support overlength energy-
wood transport while minimizing roadside trimming [18,33]. These allowances not only
reduce transportation costs per cubic meter but also enhance supply chain resilience
against fluctuating fuel prices and road conditions.

Mechanized harvesting and loading systems further amplify these benefits by in-
creasing payload density, which in turn boosts loading efficiency and curtails COz emis-
sions per unit of biomass transported —studies report reductions of 10-15% in emissions
through optimized truck-trailer pairings [30,35]. However, challenges persist in handling
low-density or irregular biomass forms, such as tree crowns and limbs, which are prone
to shifting loads, increased downtime for securing, and elevated logistics costs due to
suboptimal vehicle utilization [34]. For instance, in Finnish operations, irregular slash
loads can inflate fuel consumption by 20% and extend idle times by up to 15% of total haul
cycles, highlighting the need for modular attachments like telescoping racks or netting
systems to contain overhang without compromising GVW limits [30].

Collectively, these international studies affirm that vehicle modifications, such as the
swinging gate design evaluated here, cannot stand alone as a panacea for transport feasi-
bility; they must be synergized with adaptive operational strategies, evolving regulatory
frameworks, and trailer optimizations tailored to regional contexts [35,36]. A prominent
alternative in both North American and European practices is partial bucking or
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delimbing at the landing site, which shortens crowns to comply with length regulations
and averts axle overloads but incurs higher upfront labor costs (15-25% increases in site
processing time) and potential biomass losses if residues are not immediately collected
[18,34]. In the U.S. South, where double-bunk trailers predominate, on-site interventions
such as partial bucking, delimbing, or topping at the landing are commonplace to comply
with length and weight regulations [37]. However, these practices frequently result in 5-
10% lower biomass recovery rates compared to the integrated whole-tree transport sys-
tems widely used in Scandinavia, where modular containment devices (e.g., telescopic
gates, high-strength nets, or extendable racks) routinely enable 18-25% of total payload to
be delivered as recoverable crown and limb biomass [20,30].

The findings of the present study are consistent with this broader experience. The
swinging-gate modification increased biomass recovery, with processed biomass repre-
senting approximately 14% of total load weight, but the benefits of the modification were
strongly influenced by tree size, crown position, axle-load distribution, and state-specific
weight limits. Thus, trailer modification alone does not determine the feasibility of whole-
tree transportation. Effective implementation would require matching the trailer configu-
ration and timber characteristics with appropriate loading practices and the regulatory
conditions of the jurisdiction in which the system operates.

4.4. Study Limitations and Practical Considerations

Several limitations of this study should be considered when interpreting the results.
Field testing was limited to nine trailer loads, including six CNS and three PWD loads.
The number of trial loads was limited by the availability of the harvesting equipment and
suitable timber during the study. Because of the small sample size, the statistical compar-
isons should be interpreted with caution, and additional field testing would help confirm
the consistency of the observed patterns across a wider range of operating conditions.

Wood moisture content was not measured during the study. Trees were felled and
loaded on the same day and were therefore weighed in a freshly harvested, green condition.
The biomass weights reported in this study represent green mass as it relates to transporta-
tion and axle loading. Differences in moisture content among seasons, sites, and individual
trees could affect both transported weight and the amount of recoverable dry biomass. Fu-
ture studies could include moisture-content measurements to better quantify these effects.

The modified trailer was tested only under the conditions available during the field
trials (dirt road) and was not operated on paved or gravel public roads. Therefore, the
effects of the increased axle loads on pavement condition, including rutting or other road
surface damage, were not evaluated. The study also did not assume that existing trans-
portation regulations would be changed. Instead, the tandem and tridem axle analyses
were used to determine how the feasibility of the transportation method would vary un-
der existing state-specific axle-weight limits.

The study also did not include a complete economic analysis. The estimated material
cost of the swinging gate modification was used as one of the design-selection criteria.
However, commercial hauling costs, delivered wood prices, operating and maintenance
costs, and revenues from recovered biomass were not evaluated.

5. Conclusions

This study evaluated the operational and regulatory boundaries of whole-tree haul-
ing using a modified trailer in the U.S. South. Two modification designs were developed
and evaluated, and the swinging gate design was selected for field testing due to its lower
cost, lighter weight, and structural reliability. Trial load testing showed that the modified
trailer could transport additional biomass, with about 14% of the load consisting of mate-
rial that would otherwise be removed during conventional processing and could be
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available for bioenergy use. Axle-weight analysis showed that the mean trimmed trailer
tandem-axle weight exceeded the tandem-axle allowances reviewed for the southern
states considered in the study. Additional axle capacity available through tridem config-
urations, forestry provisions, tolerances, or permits may improve transportation feasibil-
ity in some states, but the applicability of these provisions depends on the vehicle config-
uration, route, and state-specific regulations.

Overall, the study demonstrates that while modified trailers can enhance biomass
recovery, practical implementation is primarily constrained by transportation weight reg-
ulations. The concept appears more suitable for pulpwood-sized material, where less
trimming was required and crown material was more effectively contained by the swing-
ing gates, and for regions with more flexible axle-weight policies. The framework devel-
oped here provides a quantitative basis for defining the operational and legal boundaries
of whole-tree hauling in the U.S. South and can support decision-making for depot-based
transportation systems.
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Appendix A
Appendix A.1

Table Al. State-specific vehicle dimensions and timber transportation length exemptions across 11
southeastern United States (2026).

State Trailer/Semitrailer Length Maximum Height Max.lmum Trailer Length and Overhang Exceptions for Timber/Forest
Width Products
Alabama 1737 m (57 £t) 411m (13 ft 6in) 2.59 m (102 in) Poles, logs, lumber, and tlmberii:empt from ordinary length lim-
7.62m (25 f h f f
Arkansas 16.31 m (53 ft 6 in) 411m (13 ft6in) 2.59 m (102in) ~ 02 ™ (259 rear overhang measured from center of rear tandem

14.63 m (48 ft) standard; up to

axle.
22.86 m (75 ft) maximum combined vehicle-and-load length for

Florida 1737 m (57 ft) conditionally 411m (13 ft6in) 2.59 m (102in) tree-length unprocessed logs; dfiytime operation and rear flags
required.
16.15 m (53 ft) standard; up to 30.48 m (100 ft) general combination limit on non-Interstate/NHS
Georgia 22.86 m (75 ft) for qualifying 4.11m (13 ft 6in) 2.59 m (102 in) roads; rear projection beyond 1.22 m (4 ft) requires warning light
extendable semitrailers and flags.
20.11 m (66 ft) maximum forest-product load length; up to 6.09 m
Louisiana 18.14 m (59 ft 6 in) 411m (13 ft6in) 2.59m (102in) (20 ft) rear overhang beyond rear of bed or rear tire for natural-

state products; daylight operation and flag required.
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8.53 m (28 ft) rear overhang beyond rear axle for natural-state for-

Mississippi 16.15 m (53 ft) 411 m (13 ft6in) 2.59 m (102 in) est/agricultural products

Forestry products exempt from general 4.26 m (14 ft) rear-over-

North Carolina 16.15 m (53 ft) 426 m (14 ft)  2.59m (102 in) hang limit; flags/lights required beyond 1.21 m (4 f6).

Poles/logs on qualifying pole or longwood trailers exempt from

South Carolina 16.15 m (53 ft) 411m (13 ft6in) 2.59 m (102 in) standard length limits; permit required for logs/poles exceeding

24.38 m (80 ft).
15.85 m (52 ft) kingpin-to- 22.86 m (75 ft) maximum combined vehicle-and-load length for
Tennessee  rear; axle-spacing conditions 4.11 m (13 ft6in) 2.59 m (102in) single-piece poles, logs, or timber; permit required above this
apply limit.

27.43 m (90 ft) vehicle-and-load limit for qualifying timber vehi-
Texas 17.98 m (59 ft) 426m (14 ft)  2.59 m (102 in) cles, excluding truck-tractor combinations; rear-overhang exemp-

tion applies.
19.81 m (65 ft) general length threshold; longer combinations al-
Virginia 16.15 m (53 ft) 411m (13 ft6in) 2.59 m (102 in) lowed with semitrailer <16.15 m (53 ft) and kingpin-to-rear-axle
spacing <12.49 m (41 ft); overlength tree-log permits available.

Notes: Values were compiled from state transportation statutes and Department of Transportation
(DOT) regulations and guidance applicable in 2026 [38—48]. Dimensions are presented in SI units,
with original U.S. customary units in parentheses. SI conversions were rounded down to avoid ex-
ceeding the original statutory limits. Timber-specific exceptions are subject to applicable operating
conditions, route restrictions, and permit requirements. Extended length and overhang exceptions
for unmanufactured forest products typically restrict travel to daylight hours only and mandate the
use of regulatory warning flags, lights, or escort vehicles depending on the rear projection distance.
NHS = National Highway System.

Appendix A.2

Table A2. Gross vehicle weight and axle-group weight limits for timber transportation across 11
southeastern U.S. states (2026).

Standard . Maximum Timber .
State GVW, kg (Ib) Timber Allowance GVW, kg (Ib) Tandem Axle, kg (Ib) Tridem Axle, kg (Ib)
10% non-Interstate tol- 16,329 (36,000) base at <8 19,050 (42,000) standard; 20,955 (46,200) in-
Alabama 36,287 (80,000) ? 39,916 (88,000)  ft spacing; 17,962 (39,600)  cluding non-Interstate 10% statutory en-

erance .
with tolerance forcement tolerance

19,050 (42,000) standard; 22,679 (50,000) in-
15,422 (34,000) standard; cluding non-Interstate state-route allowance;
16,556 (36,500) forestry 27,215 (60,000) including standard routine
overweight permit allowance
19,050 (42,000) standard; 20,955 (46,200) in-
cluding non-Interstate 10% standard scale

Five-axle forest-product
Arkansas 36,287 (80,000) allowance; non-Inter- 38,555 (85,000)
state

Designated-route over-
weight permit

19,958 (44,000), including

Florida 36,287 (80,000) tolerance

39,916 (88,000)
tolerance
19,050 (42,000) standard; up to 27,215

(60,000) with routine overweight permit

10% qualifying forestry

G i 36,287 (80,000 .
corgta ( ) variance; non-Interstate

39,916 (88,000) 20,865 (46,000) for forestry

16,782 (37,000) forestry
41,730 (92,000)  base; 18,143 (40,000) with
permit
15,422 (34,000) standard; 19,050 (42,000) standard; 19,277 (42,500) in-

Timber Harvest Season 19,050 (42,000) standard; 20,411 (45,000) in-

Louisi 36,287 (80,000 . .
oustana ( ) cluding non-Interstate enforcement margin

Permit; non-Interstate

2% GVW tolerance
L. X . 18,143 (40,000) forestry cluding standard scale tolerance; 20,955
Mississippi 36,287 (80,000) without ha}rvest permlt, 39,916 (88,000) base; 19,958 (44,000) with (46,200) including non-Interstate harvest per-
10% with permit . .
permit tolerance mit allowance
Special forest-product 17,236 (38,000) standard; No separate tridem cap; individual axles up
North Carolina 36,287 (80,000) exemption; non-Inter- 40,823 (90,000) up to 19,958 (44,000) for  to 11,793 (26,000) for qualifying combina-
state qualifying combinations tions

38,225 (84,272) with
15% tolerance;
40,820 (90,000) with

15% forest-product tol-
South Carolina 33,239 (73,280) erance; separate bulk-

16,329 (36,000) standard;

18,778 (41,400) with 15% No separate tridem cap; individual axles

limited to 10,432 (23,000)

icultural i 1
agricultural permit qualifying permit tolerance
10% enforcement mar- 15,422 (34,000) standard;
19,731 (4 t 10 ft under Interstat
Tennessee 36,287 (80,000) gin for logging trucks; 39,916 (88,000) 16,964 (37,400) including , . 9731 (43,500) at 10 ft under Inters a. ©
R . bridge formula; state-road treatment differs
non-Interstate logging margin
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Annual Timber Permit; 15,422 (34,000) standard; .
1 0 1 triple-axl b-
Texas 36287 (80,000) designated counties 38,101 (84,000) 19,958 (44,000) with per- . 020 (42,000) general triple-axle cap, su
. ject to spacing
and routes mit

15,422 (34,000) standard;
40,823 (90,000) 18,143 (40,000) with per- 22,679 (50,000) with forest-products permit
mit

Forest-products over-

Virginia 36,287 (80,000) weight permit

Note: Values were compiled from state transportation statutes, Department of Transportation reg-
ulations, and timber-hauling permit provisions applicable in 2026 [49-59]. Weights are presented in
kilograms (kg), with original statutory values in pounds (Ib) in parentheses. SI conversions were
rounded down to the nearest whole unit to avoid exceeding the original statutory limits. In case of
discrepancy, the original U.S. customary values govern. Maximum timber Gross Vehicle Weight
(GVW) includes applicable exemptions, tolerances, and permits. Tridem axle limits reflect forestry-
specific provisions where available; otherwise, general axle-group limits are reported. Allowable
weights are subject to vehicle configuration, axle spacing, highway classification, and permit condi-
tions. Forestry-specific weight extensions and variances typically apply only to non-Interstate state
and county routes. All operations remain subject to local bridge weight postings and seasonal re-

strictions where applicable.
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