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Abstract: Winch-assisted forwarders are now commonly accepted as an innovative alternative for extracting
wood on challenging terrain. In order to assess safety risks, it is necessary to know the tensile forces in the steel
wire rope and their interaction with the machine tilt under real working conditions. In this study, the tensile force
and the machine tilt of two winch-assisted forwarders (John Deere 1210E and Komatsu 840TX) were observed for
about 15 work hours without delays on two different stands in Austria. The tensile force data and the machine tilt
data were separated by work elements. The mean tensile force ranged from 18.1 kN for unloading up to 56.8 kN
for loading activities. During the measurements, the cable tensile force exceeded 50% of the minimum breaking
strength (MBS) only twice. The maximum observed tensile force was 174.5 kN or 82.7% of the MBS, respectively,
which led to a failure of the steel cable. For the machine tilt, a maximum of 80% was measured during loading
and driving during loading. John Deere 1210E was operated 31% of the productive work time above the
manufacturers tilt limit. For Komatsu 840TX, the manufacturers’ maximum tilt [imit was exceeded only twice. The
study also showed that peaks with an amplitude of up to 50 kN can occur within a few centiseconds, which
highlights the need of high measurement rates, when measuring cable tensile force of winch-assisted machinery.
The detailed analysis of the peaks showed that 90% of the pit-to-peak amplitudes >20 kN occurred during driving
activities. Only 10% of pit-to-peak amplitudes >20 kN were measured during loading activities, although loading
took about 43.5% of the productive work time. As such, the study results confirm that amplitudes of peaks in tensile
force, and hence safety risks, are significantly higher during driving than during loading.

Keywords: steep terrain harvesting, winch-assisted forwarder, cut-to-length, tensile force

The study is already published and available under the following link:

http://www.crojfe.com/archive/volume-40-no.2/assessing-cable-tensile-forces-and-machine-tilt-of-winch-
assisted-forwarders-on-steep-terrain-under-real-working-conditions/
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Abstract: Mechanized cut-to-length (CTL) harvesting is a Nordic design based on the harvester-
forwarder team: the system is so effective and versatile that it has become a global best-seller and it is
now widespread all over the World. Harvesters and forwarders are also popular in the eucalypt
plantations of the Southern Hemisphere, where increasingly large and productive machines are being
deployed. Both machines are quite successful there, too. in fact, the productivity levels achieved in
dedicated industrial plantations are generally higher than those recorded in Europe, under the conditions
offered by natural or semi-natural forests. That has been widely documented for harvesters, which are
more glamorous than forwarders and have attracted much attention. Limited documentation is available
for forwarders, often in the form of single case-studies. The goal of this study was to produce general
benchmarks of the heavy forwarders used in the eucalypt plantations of the Southern Hemisphere, based
on large amounts of productivity and fuel consumption data. To this purpose, the Authors tapped three
whole years of production records for the forwarders used by Fibria in Brazil. The analysis focused on
Valmet 930.3 model forwarders, because this is the model most represented in the company's fleet, where
it is used under three main configurations: 6x6, 8x8 and Clambunk. Therefore, the study also allowed
checking possible efficiency differences between different configuration. The dataset included over 2000
monthly record from 44 individual machines. The data represented over 1 million loads, or 18 million m3
under bark. Mean productivity exceeded 40 m3 ub per productive machine hour (PMH). Mean fuel
consumption was moderate, for such large machines. Statistical analysis explored the significance of
efficiency differences between alternative forwarder configurations.
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Abstract: Winch-assist technology is a well-established system used to extend the operating range of
harvesting systems on steep slopes. However, these systems are expensive and little is known about their
productivity and utilisation rates, or the factors that affect these. The aim of this project was to improve our
knowledge of winch-assist in harvesting, its utilisation and productivity through six case studies in New
Zealand and Canada. Winch-assist allows conventional excavators (falling machines) to be lowered down
slopes with the security of a winch from an anchor machine. The anchor machine is generally located at
the top of the slope.

Three to five days of continuous utilisation and productivity were collected at each site. Utilisation was
defined as the ratio of the time the machine was working on its primary tasks as a percentage of the total
scheduled time. For winch-assist, working time was defined as, falling, bunching, moving between trees
and brushing (cutting multiple stems). The time not included in productive time was time used for activities
such as shovelling or delays being defined as operational, mechanical, or personal. The average utilisation
recorded in these six case studies was 52%;, ranging from 25% to 63%. In comparison, results from a five-
month study in New Zealand showed where winch-assist was used utilisation were 57%.

Winch-assist productivity was recorded as volume harvested per productive machine hour (m’/PMH). The
volume per scheduled machine hour (m’/SMH) was then calculated using the product of the utilisation rate
and the volume harvested per PMH. It is important that machine productivity (m’/PMH) is considered in
relation to overall machine utilisation given the terrain and set up requirements for winch-assist systems.
The average productivity recorded through the six case studies was 61m>/PMH and 33m’/SMH with it
ranging from 34m’/PMH to 102m3/PMH and 11m’/SMH to 58m’/SMH.

Keywords: Winch-assist, Productivity, Utilisation, Delay, Time study
1. Introduction

Forestry is a significant industry in New Zealand and Canada, contributing 3 percent of New Zealand’s
Gross Domestic Product (Ministry for Primary Industries, 2018) and 1.2 percent of Canada’s (Government
of Canada, 2016). In New Zealand, plantation forestry covers 1,7 million hectares or 6.4 percent of land
area, excluding harvest area awaiting replanting. Currently, 49,900 hectares are harvested annually with a
value of NZ$4.75 billion and are the third-largest export industry in the country (Forest Owners
Association, 2016). Because of the scale, research is continually being carried out to optimize systems and
create a more productive and safer environment.

Winch-assist allows conventional excavators (falling machines) to maneuver down slopes with the security
of a winch from an anchor machine at the top of the slope. Winches can be integrated into the falling
machine, although this is not common. New Zealand first introduced winch-assist machines in 2006. New
Zealand manufacturers now have 120 spread throughout the country and have exported around 250 as of



July 2019. Of the 120 machines in NZ, 45 are EMS TractionLine; a dual winch excavator system. 35 are
DC Equipment Falcon Forestry winch-assist; single winch excavator system. 18 are Remote Operated
Bulldozers (ROB); which is a dual winch system with operating alarms. 7 are Waka Engineering winch-
assist; a single winch excavator system. 3 are ClimbMAX steep slope harvesters, which is a single winch
integrated into a feller-buncher track frame. The remaining 12 machines are NZ developed systems only
operating within NZ.

In New Zealand, forests often occupy steep, remote and erosion-prone land that is not suitable for farming.
A large area of forest is now becoming available to harvest as a result of sheep farm conversions in the late
1980s and early 1990s during a period of increased planting (Harril, Reriti, & Visser, 2018). Some of these
forests may be economically unviable to harvest due to steep terrain, extensive infrastructure requirements,
small tree size, and where harvest and transport costs exceed the market value of the trees (Ministry for
Primary Industries, 2014). The increased availability of this wood source will see a trend toward steeper
and more difficult forest areas suited to winch-assist harvesting.

Steep terrain harvesting is also projected to increase in Canada as timber on steep slopes becomes an
increasingly crucial future fiber source as large scale disturbances caused by insects and wildfires have put
pressure on traditional forest fibre sources and are forcing the industry to direct operations into previously
unutilized and marginalized stands (Amishev & Dyson, 2018). This is a result of the Mountain Pine Beetle
attack, which started in the 1990s and has resulted in the mortality of 50 percent of the total volume of
commercial Lodgepole pine (Pinus contorta) in British Columbia. Currently, an outbreak covers over 16.3
million ha of British Columbia and Alberta in Western Canada (De la Giroday et al., 2011). Furthermore,
the Government’s initiative to slow the beetles’ spread is harvesting affected stands before the economic
value of the wood is lost or diminished (Government of Canada, 2018). A study carried out by De la Giroday
and others (2011) found that Mountain Pine beetle (Dendroctonus ponderosae Hopkin) is primarily
established in canyons and valleys, before moving into more open-sloped areas. Southwestern slopes of
mid-slope ridges and small hills, southwest facing open slopes, and valleys that run in a northeast-southwest
cardinal direction were positively associated with higher intensities of infestation. The need to increase
harvesting on steep slopes has resulted in an increased interest into winch-assist harvesting systems in
Western Canada over the past 7 years. Today more than 50 winch-assist machines by a range of different
manufacturers are working in Western Canada.

Increasing mechanisation results in higher operational costs. With the already tight profit margin of
harvesting on steep terrain, increased machinery costs and the likely fall of the NZ dollar (driving up already
inflated machine costs), profitability on steep terrain becomes progressively more sensitive with increasing
mechanisation (Raymond, 2012). Information on steep slope harvesting productivity and cost is limited.
This research project will provide a basis for what winch-assist machines can achieve.

A review of the literature has been conducted looking at the background of winch-assist machines and
identifying current winch-assist operations. A comparison has been undertaken to look at the productivity
of these machines in both New Zealand and Canada. The contrast helped to explore any differences in
operational environments and what the main differences are between the two countries — a third study was
identified in Australia.

Previous studies on winch-assist productivity and utilisation studies provide widely differing outcomes.
Amishev & Dyson; (2018) recorded a productivity of 42.8 m3/PMH while Malietoa (2016) from three
different winch-assist operations, recorded productivities of; 79.6m3/PMH, 99.5m3/PMH, and
109m3/PMH. Results from a five-month utilisation study in New Zealand indicated a winch-assist
utilisation at 57%. Another survey of 12 winch-assist machine owners found a low utilisation of 45%
(Harrill, Reriti, & Visser, 2018). and one in Australia (Acuna, Skinnell, Mitchell, & Evanson, 2011). These
three sources have provided a foundation for this study and further research.

Winch-assist machines require large amounts of time when shifting and relocating on the slope (Harrill,
Reriti, & Visser, 2018). The utilisation rate is expected to differ depending on the ease of access on, off,
and around the working area. The sampling procedures will be assessed and stage-gated after the first site
visit to determine if adjustments to the methodology are required.



With an increasing demand for winch-assist systems throughout New Zealand and Canada, a preliminary
assessment of six winch-assist operations has been conducted. The six case studies took place in New
Zealand and Canada and were undertaken between August 2018 and May 2019. The purpose of this
research was to improve our knowledge of winch-assist through six case studies. The research involved
establishing the productivity and utilisation of six winch-assist systems, as well as identifying site and stand
variables that could affect this.

The focus of this research project will aim to give forest engineers, forest managers, and contractors a guide
to the productivity of winch-assist machines and the factors that affect it. Productivity and relating factors
will be assessed through six different winch-assist operations, identifying effective work methods, and
identifying suitable working conditions. Operations identified will be treated individually rather than
creating comparisons between each operation. It is assumed that the best knowledge gain will be from
assessing operations with different productivity and relating the various site factors such as: landing and
setting difficulty and size of trees. In summary, carrying out this project will provide a gauge on what works
well in a winch-assist operation.

2. Method

The method of work-study undertaken was a detailed time study taking into account several variables. Some
of the critical variables included in the analysis are; slope, piece size, operator skill, machine size, working
method/machine brand, terrain (rock outcrops, wet soils), stand condition (mortality, wind throw). For each
operation, three to five days was required in the field to provide sufficient data for analysis. The stand
characteristics of each case study harvest area were recorded from the harvest plan. The typical operating
slope was measured by inclinometer. The crew characteristics of each case study were recorded from
observation by the author.

The total amount of time of the study was recorded by stopwatch, as scheduled machine hours (SMH).
Total study time was classified into productive tasks (such as tree falling, moving the feller buncher, and
shovelling), and delays. Tree falling included bunching (collecting several felled stems into a bunch for
extraction) and brushing (cutting multiple tree stems sequentially). Shovelling (sometimes called shovel
logging) describes the task where the felling machine swings felled stems towards the landing or road edge.

Delays were further classified as either operational, mechanical or personal. Operational delays included
moving the anchor machine, and setting up each line for the feller buncher, or where the winch machine
was idle (waiting for work). Mechanical delays involved repairs and maintenance to the winch machine.
Personal delays were recorded when the winch machine was available for work but the feller buncher
operator was taking a break.

Productive time, measured as productive machine hours (PMH), was recorded as the time the winch
machine was attached to the felling machine while the felling machine was working (falling and moving
only). The utilisation of the winch machine was calculated as the ratio of productive time (total time
excluding delays and shovelling) to scheduled time and expressed as a percentage.

Productivity was calculated by recording the total number of tree stems felled, and then multiplying this by
the average tree size to calculate the total volume of wood produced (in cubic metres, or m3). The total
volume of trees felled was divided by the total productive time, in PMH, to calculate the average
productivity in cubic metres per productive machine hour (m3/PMH).

The average productivity in m*/PMH was multiplied by the utilisation to calculate the average productivity
. 3
in m’/SMH.



Systems

The winch-assist machines assessed were those manufactured by Waka Welding Ltd of Waikouaiti, Otago;
Remote Operated Bulldozer (ROB) manufactured by Rosewarne & May Ltd of Whangarei; Tractionline
manufactured by Electrical and Machinery Services Ltd (EMS) of Rotorua; and Falcon Winch Assist
manufactured by DC Equipment Ltd of Brightwater, Nelson.

The six case studies are:

e Button Logging Ltd, Okuku, North Canterbury, New Zealand
o Waka winch assist on Hitachi Zaxis

e Gamble Forest Harvesting Ltd, Ferny Hill, Otago, New Zealand
o Remote Operated Bulldozer (ROB) on John Deere 850J

e Mold Logging Ltd, Kaitaia, Northland, New Zealand
o ROB on John Deere 850J

e Wadlegger Logging & Construction Ltd, Clearwater, British Columbia, Canada
o Tractionline on Cat 330D L

e Lime Creek Logging Ltd, Carmi, British Columbia, Canada
o Falcon Winch Assist on Volvo FC3329C

e Gorge Creek Logging Ltd, Armstrong, British Columbia, Canada
o ROB on John Deere 850J3. Results

Case Study 1

The harvesting contractor was Button Logging Ltd, a local contractor in the region, and having two crews
contracting to Rayonier Matariki Forests. The winch-assist was mounted on a Hitachi Zaxis excavator, and
was one of six machines constructed by Waka Welding Ltd of Waikouaiti, Otago. The felling machine was
a Tigercat LS855D tracked feller buncher with a Tigercat 5195 directional felling saw (Figure 1).

Figure 1. Waka Welding Ltd winch-assist and Tigercat LS855D: Case Study 1

The harvest setting was 5.8 hectares of douglas-fir (Pseudotsuga menziesii) with a stocking of 757 stems
per hectare. The high stocking and relatively exposed site resulted in a relatively small piece size of 0.88m3.
The average slope throughout the setting was 50% although in places where the study was carried out,
slopes of up to 70% were recorded with an inclinometer.



The forest site was predominantly rocky and in some cases, time was required to shift rocks and boulders
out of the way when falling and maneuvering between trees. Table 1 details the characteristics of the study
site and crew.

Table 1. Stand and crew characteristics: Case Study 1

Crew Button Logging Ltd.
Anchor machine Waka Winch Assist on Hitachi Zaxis excavator
Felling machine Tigercat LS855D
Felling head Tigercat 5195 directional felling saw
Region North Canterbury
Forest Okuku
Harvest setting (ha) 5.8
Volume (m’/ha) 662
Average stem volume (m’) 0.88
Stocking (SPH) 757
Average slope (°) 29
Average slope (%) 50
Species Douglas-fir
Case Study 2

The harvest setting was 16.2 hectares of radiata pine (Pinus radiata) and a tree stocking of 278 stems per
hectare. The low stocking and longer rotation (32 years) allowed the trees to grow to a relatively large piece
size of 2.23m3 in comparison to the other 5 studies. The average slope was 48% although it varied across
the site with 22% of the area being less than 32% slope, 37% of the area was between 32 and 50% slope
and 41% of the area was greater than 50% slope. The typical operating slope measured by inclinometer,
during the study was 47%.

The ground was solid with strong and dry soil, providing good traction for ground-based machinery on days
1 2 and 3. On day 4, operations took place near the stream where soil was wet and soft. There was very
little undergrowth throughout the study meaning limited brushing was required when falling trees and
manoeuvring between trees.

The harvesting contractor was a resident in the area, with a long-term family relationship of at least 30
years with City Forests Ltd, the forest management company. The winch-assist machine was a Remote
Operated Bulldozer (ROB) manufactured by Rosewarne & May Ltd in Whangarei, based on a John Deere
850 bulldozer. The felling machine was a John Deere 909MH feller buncher with a Woodsman Pro FH1350
directional felling saw (Figure 2).



Figure 2. ROB winch-assist and John Deere 909MH: Case Study 2

Table 2. Stand and crew characteristics: Case Study 2

Crew Gamble Forest Harvesting Ltd
Anchor machine Remote Operated Bulldozer (ROB)
Felling machine John Deere 909MH

Felling head Woodsman Pro FH1350 directional felling saw
Region Otago
Forest Ferny Hill
Harvest setting (ha) 16.2
Volume (m’/ha) 621
Average stem volume (m°) 2.23
Stocking (SPH) 278
Average slope (°) 26
Average slope (%) 48
Species Radiata pine

Case Study 3

The harvest setting was 25.2 hectares of radiata pine (Pinus radiata) with a stocking of 320 stems per
hectare. The relatively low stocking had enabled the trees to grow to a large piece size of 1,9m3. The
average slope was 28 degrees and varied across the site with slopes of up to 46 degrees measured on site
with an inclinometer. The soil was clay and shallow in places, large rocks were present in the soil. The soil
was not favourable for winch-assist, causing traction issues on steeper slopes. The undergrowth was
abundant at an average recorded height of 5 metres.

The harvesting contractor was Mold Logging Ltd and the forest management company was Summit Forests
New Zealand Ltd. The winch-assist machine operating was a Remote Operated Bulldozer (ROB)
manufactured by Rosewarne & May Ltd in Whangarei, based on a John Deere 850J bulldozer. The felling
machine was a Tigercat LS855C with a Tigercat directional felling head (Figure 3).



Figure 3. Rob winch-assist and Tigercat LS855C: Case Study 3

Table 3. Stand and crew characteristics: Case Study 3

Crew Mold Logging Ltd.
Anchor machine Remote Operated Bulldozer (ROB)
Felling machine Tigercat LS855C
Felling head Tigercat Directional felling head
Region Northland
Forest Herekino
Harvest setting (ha) 25.2
Volume (m’/ha) 608
Average stem volume (m’) 1.9
Stocking (SPH) 320
Average slope (°) 28
Average slope (%) 53
Species Pinus radiata
Case study 4

The harvesting contractor Wadlegger Logging & Construction Ltd was currently harvesting under contract
for Canfor. The winch-assist machine was an EMS Tractionline on a Cat 330DL excavator base. The felling
machine was a Tigercat L870C with a Tigercat 5702 continuous rotation bunching saw (Figure 4).

The harvest setting was 12.3 hectares with a stocking of 423 stems/ha; 78% spruce (Picea engelmannii),
14% balsam fir (Abies balsamea), 4% douglas-fir (Pseudotsuga menziesii) and 4% lodgepole pine (Pinus
contorta).

The study site was located between 1210 and 1630 m elevation. During the study, the soil was frozen and
firm. Large rocky outcrops were common in the forest and required blasting for road access. Dense
undergrowth required brushing of small stems to gain access to the larger diameter commercial trees. The
bunching saw is efficient at brushing, being able to grab multiple trees in a single cycle.



Figure 4. Tractionline winch-assist and Tigercat L870C feller buncher: Case Study 4

Table 4. Stand and crew characteristics: Case Study 4

Crew Wadlegger Logging and Construction Ltd.
Anchor machine EMS Tractionline on Cat 330DL
Felling machine Tigercat L870C

Felling head Tigercat 5702 bunching saw
Region Clearwater, B.C, Canada
Forest Block D219
Harvest setting (ha) 12.3
Volume (m’/ha) 296
Average stem volume (m”’) 0.7
Stocking (SPH) 423
Average slope (°) 29
Average slope (%) 51
Species Spruce, Balsam, Douglas-fir, Lodgepole pine

Case Study 5

The harvesting contractor was Lime Creek Logging Ltd. currently harvesting under contract for Interfor
Corporation. The anchor machine was a Falcon Winch Assist mounted to a Volvo FC3329C. The felling
machine was a Tigercat LX870D with a Tigercat 5702-26 continuous rotation bunching hot saw (Figure 5).



Figure 5. Falcon winch-assist and Tigercat LX870D: Case Study 5

Harvesting took place in three settings within the same forest. The first setting was 5.1 hectares with a
stocking of 575 stems/ha. The second setting was 16.5 ha with a stocking of 368 stems/ha.The third setting
was 23.7 ha with a stocking of 450 stems/ha. The species present were engelmann spruce (Picea
engelmannii), balsam fir (4bies balsamea), douglas-fir (Pseudotsuga menziesii), lodgepole pine (Pinus
contorta), western larch (Larix occidentalis).

There was rock on the three sites but not enough to impede the operations. The terrain was broken within
the areas viewed during the study (along with landscape in general). Therefore a mix of conventional
untethered falling and winch-assist falling was needed. In areas of the forest, regeneration was thick,
especially in areas where tracks and landings were located during first growth harvest. Throughout the
stand, dense undergrowth required brushing of small stems to gain access to the larger diameter commercial
trees.

Extraction was done by a method the operator referred to as “packing” given steep slopes observed didn’t
exceed 100m in length. “Packing” was defined as walking the machine while carrying the cut tree stems.
In this way stems are extracted to either the top or bottom of the slope where a skidder can reach them. This
meant that extraction using a yarder or other machine was not required.

Case Study 6

The harvesting contractor was Gorge Creek Logging Ltd. currently harvesting under contract for Tolko
Industries Ltd. The anchor machine was a Remote Operated Bulldozer (ROB) mounted on a John Deere
850J base machine. The felling machine was a levelling Cat 552 with a Satco feller director head and heel
(Figure 6).
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Figure 6. ROB winch-assist and Cat 552: Case Study 6

The forest setting was 36.3 hectares with a stocking of 890 SPH. The forest was second growth and the
average piece size 0.41m”’. There were few rocks and soil did not impede productivity although snow was
present at a depth of 1 — 1.5 m. The terrain was relatively easy-going throughout although very steep pitches
occurred in some places. Throughout the stand, dense undergrowth required brushing of small stems to gain
access to the larger diameter commercial trees. Extraction was carried out during the falling phase whereby
the operator would hoe-chuck stems down the slope while falling (Table 5).

Table 5. Stand and crew characteristics: Case Study 6

Crew Gorge Creek Logging Ltd.
Anchor machine ROB on John Deere 850]
Felling machine Self-levelling Cat 552

Felling head Satco feller director
Region Armstrong, B.C, Canada
Forest Block 183

Harvest setting (ha) 36.3

Volume (m’/ha) 361

Average stem volume (m’) 0.41

Stocking (SPH) 890

Average slope (°) 24

Average slope (%) 45

Species

Douglas-fir, Western Red Cedar, Western Hemlock,
Balsam, hybrid Spruce




5 Summary

Table 7 below displays the results of the six case studies, showing utilisation and productivity by productive
machine hour (PMH) and scheduled machine hour (SMH).

Table 6. Case Study Results

New Zealand Canada
Case Study 1 2 3 4 5 6 |Average
Average Piece Size (m’) 0.88 | 2.23 | 1.90 | 0.70 | 0.68 | 0.41
Utilisation (%) 60 57 25 63 51 57 52
Productivity (m*/PMH) 62 102 42 60 66 34 61
Productivity (m*/SMH) 37 58 11 34 34 20 33

Winch assist falling and extraction operations differ considerably to traditional falling and yarding on steep
slopes. It is important that harvest planners and forest managers understand winch-assist requirements to
maximise the value from this new approach to falling and extraction. It should not be considered as the
same operation, from a planning and layout perspective. Given costs of both field layout and winch-assist
operations, it would be financially beneficial to all parties to ensure harvest planners are provided feedback
from contractors as to how layout impacts logging. This will ensure the harvest plan meets the contractor’s
needs and maximises the benefit of winch-assist operations.

Installing aftermarket backup cameras to ensure that the operator has a clear view of the rear of the machine
during moves is recommended. This would help reduce the time required to move the anchor machine,
minimise the risk of damage to winches (and equipment) during moves in tight locations, and may improve
safety.

When the falling machine is untethered to fall and extract flat areas, the anchor machine should be shutdown
(remotely) during such times (provided the remote start is reliable). Not shutting down leads to unnecessary
hours added to the machines operating time, impacting warranty hours and increased machine servicing
(based on non-productive time). Reducing machine hours also promotes fuel efficiency and reduces carbon
footprint.

To maximise winch-assist machine utilisation, the contractor should consider using standing trees or high
stumps as catch trees. This technique could allow the anchor machine to face along the track while the
falling machine can redirect the line by moving it to a stump suitable for the next corridor, refer to Figure
38. When this approach is used, it will; minimise machine moves, keep the anchor machine further away
from falling operations, and can help when ridges or tracks are narrow. To take advantage of large high
stumps on road right of ways, harvest planners and road construction crews should identify the need for
high stumps and leave them to provide options for the winch-assist operation. Reducing anchor moves can
increase productivity and improve overall utilisation.

Winch-assist felling machines are higher cost than a manual falling operation, although using a machine to
fall and bunch trees increases the productivity of the extraction element of the harvest cycle.
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Abstract: Cable-assisted, mechanized timber harvesting systems have recently been adopted by the
Jforest industry in the Pacific Northwest, USA to replace conventional and dangerous manual tree felling
on steep slopes. Despite its promise and rapid growth, the potential risk of damage to soil and water
resources caused by heavy equipment on steep slopes remains uncertain, and has not yet been thoroughly
examined. We conducted a comparative case study in southern Oregon to investigate the economic and
environmental impacts of cable-assisted, mechanized timber felling in steep terrain by comparing
mechanical felling with conventional manual felling followed by cable-logging. We performed detailed
time studies on manual felling, mechanical felling, cable-logging after manual felling, and cable-logging
after mechanical felling. Environmental impacts of these systems were measured through pre-felling, post-
felling, and post-extraction samples of soil bulk density, penetration resistance, water infiltration rates,
and sediment yield. The significance of this research is the development of data that can provide insights
into potential economic and environmental impacts of cable-assisted timber harvesting relative to the
conventional harvesting method in steep terrain.
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Abstract: This work presents some of the challenges and outcomes of a trial designed to quantify sediment
flows on a steep slope after clearfell cable logging. The trial constituted 39 sediment traps placed on 11
successive contours down the slope and left in-situ for 2 years. Sediment samples were dried and
categorized to fine and course mineral and organic components. Ultra-high resolution (1cm) digital
elevation models (DEM) were generated from UAV image data, then downsized in 4 iterations. For each
iteration, an evaluation of the effect of elevation model resolution on flow accumulation and catchment
basin delineation was made in an attempt to model the soil erosion processes underlying the observed
sediment flows.

Keywords: UAV, drone, erosion, harvest, steep slope harvesting
1. Introduction

Site disturbance during timber harvesting can lead to increased surface run-off and soil erodibility, and
consequently (increased) sediment export to streams and headwaters, as well as a loss of the soil and
nutrients required in maintaining site productivity. Quantifying the amount of sediment in surface run-off
is one method of assessing site disturbance, and has been used as a proxy measure of overall site impact.
Numerous studies have been carried out in determining the effect of disturbances on forest soils, resulting
either from semi-natural processes such as wildfires or directly from human activities, such as timber
harvesting and the associated construction and maintenance of infrastructure like forest roads and trails.

Unmanned aerial vehicle (UAV) based photogrammetry has been shown to be provide detailed surface
models and has found a wide range of applications in terrain modelling. This is especially true where there
is little ground cover to obscure terrain, such as in quarrying or earthworks, or after major soil disturbance
events such as landslides. More specific applications of UAV-based photogrammetry considering terrain
in forest operations include quantifying volumes of soil displaced during the construction of temporary
extraction trails (Pierzchata et al, 2014), measuring the depth of wheel rutting on the site after harvesting
(Nevalainen et al, 2017), and in assessing the condition of the wearing course on forest roads (Hrtza, P,
2018).

The aim of the present study was to investigate whether a combination of high resolution digital elevation
models, used in conjunction with a dense grid of sediment traps, could provide more accurate information
on the amount of sediment mobilized by cable logging, as well as a more precise location of the origin of
the sediment.

2. Materials and Methods

A harvesting site situated immediately east of the town of Voss in south-western Norway (60.617895 N,
6.460306 N), with a mean slope of 60% was used for the trial. The trees had been felled motor-manually
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and the timber extracted uphill with a Konrad Mounty tower yarder. Thirty-nine sediment traps were
installed on a portion of the site, including one of the cable corridors (fig.1). The centre of the feeding tray
on each trap doubled as a ground control point (GCP). The trial was installed in the fall and terminated in
the spring two years later.

Figure 1 Layout of the sediment traps on the 60% hillslope. The dashed lines show the position of the cable
corridors while the arrow indicates the downhill direction (left). Close-up of sediment trap after 2 years, the
orange marker indicating the position of ground control point used in processing UAV imagery

For data acquisition we used photo imagery from a Sony NEX 5N camera mounted on multi-rotor
unmanned aerial vehicle (UAV), a Mikrokopter® Okto 2-26 that was flown manually up and down slope
at a height over ground of roughly 35 m. This UAV has 8 rotors and can lift up to 1kg for flight duration of
between 9 and 21 minutes depending on the type of LiPo battery. Agisoft Photoscan Professional®, which
employs full structure-from-motion (SFM) and precisely estimates internal optical parameters and spatial
positioning of the respective cameras, was used to generate the DEMs. All spatial modelling was done in
ETRS89/UTM 32N (EPSG:25832). The high-resolution DEM output from the previous process was
resampled to increasingly coarser resolutions as follows; 5 cm x 5 cm, 10 cm x 10 cm, 20 cm x 20 cm, and
40 cm x 40 cm. For each resolution, a flow accumulation analysis and micro-catchment calculation was
done for each of the 39 sediment traps using an integration of different GIS and data analysis software
(QGIS, WhiteboxGAT, and R).

3. Results and Conclusions

As DEM resolution was decreased stepwise from 5x5 cm, 10x10 cm, 20x20 cm to 40x40 cm pixels, the
mean micro-catchment area for each sediment trap increased tenfold from 5 m? to 50 m?, and corresponding
mean slope length increased from 5.8 m to 17.3 m while mean slope decreased from 82% to 67%. This
indicates that the anticipated more widespread use of drones in providing high-resolution DEMs for flow
accumulation and erosion modelling in the future needs to take even relatively small differences in DEM
resolution into account. Initial findings indicate that sediment export on the trial site was very low at
roughly 0.85 Mg ha™'.
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Abstract: Soils are a finite natural resource and forests are among the best land uses to conserve them.
Management of forests, and in particular timber extraction, can have large impacts due to the heaviness of
equipment used. Soil compaction, displacement and rutting are major effects of these mechanised ground-
based timber extraction operations, which are unavoidably resulting in erosion, reduced regeneration and
growth. On flat and wet sites that are difficult or impossible to traverse with ground-based extraction
systems, cable yarding has the potential to minimize site and stand impacts. Furthermore, an increase of the
forest area associated with these conditions is likely due to the absence of frost periods or enhanced wet
seasons. On these sites, cable yarding will in fact enable more environmentally sound extraction of timber
compared to ground-based extraction systems, as the site will not be repeatedly trafficked by heavy
machinery. Furthermore, cable yarding will allow for the management of sites that are not traversable at all
or only traversable in winter when soils are frozen. However, these advantages are associated with higher
extraction costs and higher hazard level for the crew. Therefore, to increase the use of this environmentally
friendly extraction system on flat and wet terrain, improvements regarding overall costs and safety are
necessary. This study’s goal is to provide a deeper insight into cable yarding on flat and wet terrain. As the
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literature body on this subject is fairly small, manufacturers of cable yarding equipment of cable yarding
on flat and wet terrain across Europe were interviewed. Motivations for choosing this extraction system
and specific challenges encountered under these conditions as well as actual and potential solutions to these
are of major interest. Further, their views concerning the future potential and main hurdles for expansion
of use of this system were collected. This study gives a valuable insight into a lesser known, but very
relevant and potent application of cable yarding, which could enable more environmentally sound
management of forests on sensitive terrain. A major output will be a list of suggested adaptations to allow
more economic and safer operations.

Keywords: forest soils, sensitive soils, logging equipment, soil compaction, cable yarding
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Abstract: Human activities intensively affected the Brazilian Atlantic Forest over the last decades. Yet, it
is still of great importance for securing biodiversity, ecosystem services and for providing income
opportunities for millions of inhabitants. Notwithstanding, in this biome, conservation and management
are currently very conflicting goals as a result of the limited knowledge on sustainable management
techniques and potential impacts caused by timber harvesting. Therefore, in order to contribute to fill this
gap, our research assessed and compared a conventional harvesting method (CM), widely used by local
forest owners, with an alternative and improved harvesting method (AM), performed by a professional
chainsaw operator and supported by a snatch block and a skidding cone. Permanent sample plots were
installed and a full pre-harvesting inventory was performed. A management plan was set in order to
ensure the harvesting of commercial tree species and improvement cuts for enhancing future forest yield.
The harvesting impact on the residual stand was classified and evaluated through a post harvesting
inventory and the positioning of every tree was further georeferenced within ArcGIS software. The
geoprocessing methodology “triangulated irregular network” (TIN) was used for generating damage
maps based on damage intensity of residual trees for visual assessment of damage location. Felling
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direction and winching line bearings, measured with a field compass during the harvesting operation,
were georeferenced and also plotted on the maps. Our results showed that the felling process caused most
of the observed damages on residual stand for both methods (87% for CM and 88% for AM). Spatial
analysis of the damaged areas and stand characteristics showed that the terrain slope, followed by the
location of remnant trees and position of forest roads were the main variables affecting felling directions.
Furthermore, CM damaged in average 1.6 trees per harvested tree, while AM damaged in average 1.4
trees per harvested tree and the spatial observation of winching lines did expose that the disturbed
winching ground area under CM (23 % of the plot area) was higher compared to AM (10% of the plot
area).

Keywords: timber harvesting, skidding cone, snatch block, impact assessment, ArcGIS.

1. Introduction

Due to its location along the Brazilian coast, the Atlantic Forest was an easy target for intensive ex-
ploitation and conversion to other land-uses. In the past century, the forest land base shrunk by the
expansion of agriculture and urbanization to about 12 % of its original size (Ribeiro et al. 2009). Most of
the remaining fragments of the Atlantic Forest are small and isolated patches of second growth vegetation
in early to medium stages of typical succession fallow areas (Metzger 2009), preserved in locations where
steep terrain made exploitation particularly difficult (Ribeiro et al. 2009).

Currently, conservation and management of the remaining forest are largely conflicting goals in the
Atlantic Forest biome (Fantini et al., 2019). Irrespective of size of forest patches, commercial logging is
banned by forest regulations aiming at protecting the remnant forests from deforestation and degradation
(Fantini and Siminski, 2017). Moreover, environmental regulations for protecting remaining forests
proved to be ineffective as landowners were not compensated and law enforcement was insufficient
(Alarcon et al. 2011). This situation is partly induced by the lack of knowledge on potentially suitable
forest management practices for sustainable resource utilization. Various researchers argued that
sustainable management of secondary forests providing income opportunities would be more effective in
increasing the willingness of land owners to conserve and possibly even expand the forest. (Alarcon et al.,
2011; Britto et al., 2017; Fantini et al., 2019; Fantini and Siminski, 2017; Silva et al., 2018; Trevisan et
al., 2016).

Alarcon et al. (2011) pointed out the necessity for a policy to promote sustainable forest management of
native species from secondary forests. Nonetheless, studies to support effective policy-making for
allowing and regulating potential utilization of native trees from the Atlantic Forest and associated
harvesting operations are scarce. Fantini & Siminski (2017) estimated the mature harvestable timber
volume of the secondary Atlantic Forest at 36 million cubic meters in Santa Catarina state, only. The
authors also pointed out that wood from secondary forests has a good market and may reach revenues of
260 € m® to 340 € m~ while wood from regional pine and eucalyptus plantations may reach
comparatively lower revenues of 130 € m™ to 210 € m™.

An appropriate timber harvesting system is fundamental for the success of the sustainable forest
management and it should addresses the economically viable and environmentally sound forest
management plans as well as the specifics of the local forest (Britto et al., 2017). However, despite its
relevance, only few studies on timber harvesting systems and related impacts on forest stands have been
done in the Atlantic Forest biome (Britto et al., 2017; Bulfe et al., 2009; Silva et al., 2018).Our goal is,
therefore, to contribute the current knowledge gaps on potentially suitable forest management practices
by assessing timber harvesting impact of a conventional harvesting method (CM), widely used by local
forest owners, with an alternative and improved harvesting method (AM), performed by a professional
chainsaw operator and supported by a snatch block and a skidding cone.
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2. Methodology

2.1 Research area

The research site was located in the municipality of Guaramirin in Santa Catarina State, southern Brazil
(26°32°10"" S and 49°02°38"" W) (Figure la). The research was carried out in a fragment of the evergreen
rainforests (ERF) (Oliveira-Filho et al., 2015). The forest cover consisted of 35 year old second growth
forest, regenerating after swidden agricultural farming plots were abandoned (Britto et al., 2017; Silva et
al., 2018). The Institute for the Environment of Santa Catarina (IMA) is one of the partners in this study
and had provided the exceptional permit for timber harvesting, as part of long-term research. This case
study site is, therefore, a unique area in the Atlantic Forest to test and evaluate alternative forest
management regimes for sustainable utilization concepts.

Three stands (A, B and C) were selected within the study area. Two square plots of 40 m x 40 m were set
in each stand, in order to compare the harvesting methods. In every plot, a pre-harvesting inventory of all
trees with diameter at breast height (DBH) above 7 cm over bark (o0.b.), was conducted, recording tree
species, DBH, tree height and location (Cartesian X and Y coordinates) (Figure 1b). Measured trees were
permanently marked with an aluminum tag, allowing for tree identification during the intended multi-year
post-harvesting monitoring of the plots.

Santa Catarina

(a) | (b)

Figure 1. a) Map of the research area; b) Research plot design and trees positioning inside plot.

2.2 Timber Harvesting

A thinning plan was developed and implemented considering species composition, ecological groups, tree
age and tree growth. A basal area reduction of 40 % was target in all research plots. The felling operation
focused on both commercial trees and noncommercial trees. Commercial trees felling focused on rather
mature trees of species of economic value for generating revenues for the landowner. The landowner
possesses and ran a small sawmill, where the timber produced during this study was further processed.
Noncommercial trees felling included harvesting small trees of low quality or low economic value felled
to improve the quality of the remnant stand (Britto et al., 2017). While all commercial felling included
extraction of logs, most of the stems resulting from improvement felling remained in the stands except for
those at close distance to a forest road, which were extracted and used as firewood.

In this study, two different harvesting methods were assessed and evaluated: a) the “Conventional
Method” (CM), which was formerly widely used by landowners in the region for timber harvesting
operations in the Atlantic Forest; and b) the “Alternative Method” (AM), with a trained operator
combined with improvements in technology application as an integral part to implement sustainable forest
management. In both methods, trees were felled, delimbed and bucked inside the stand using a chainsaw.
The timber extraction was done by using a winch fitted tractor. The tractor was always positioned outside
the stand, on the forest road and, therefore, did not enter the forest stand. A coworker assisted the tractor
operator in both methods, pulling out the cable from the winch to the log location inside the stand.
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CM tree felling and delimbing was carried out using a chainsaw (model Stihl 251). The chainsaw operator
had no specific training, but he had more than 20 years of experience at the wood yard of his small
sawmill. Stem length logs were extracted by a Valmet tractor model 85 (2x4, 63 kW) operated by the
chainsaw operator himself. The tractor was equipped with a forestry winch TMO model Cagador 33T and
a steel cable with 15 mm of diameter and 100 m length (Figure 2a). In contrast, AM was conducted by a
contracted professional chainsaw operator, experienced in reduced impact logging techniques in the
Amazon region. He executed the tree felling with a Stihl chainsaw (model 661 - which is the common
model used in Amazon forest and which is therefore the model that the professional operator uses
routinely). The consecutive log extraction was conducted with a state of the art TAJFUN winch (model
EGV 85 AHK), fitted to a 4x4 tractor (Figure 2b) and supplemented with a Portable Winch® skidding
cone (Figure 2c) and a TAJFUN snatch block (Figure 2d) (Britto et al., 2017). Although the operator was
skilled in directional and reduced impact felling techniques, he had no experience working in local
conditions of secondary Atlantic Forest.

Figure 2. a) Tractor winch in the conventional method; b) Tractor winch in the alternative method; c)
Skidding cone; d) Snatch block (Britto et al, 2017).

2.3 Impact assessment

The harvesting impact on the residual stand was determined by visual inspection of all standing trees in a
post harvesting inventory and recorded as undamaged, damaged or dead tree. Categorization and rating of
damaged trees according to damage severity classes (minor, moderate and severe) followed the
methodology of Silva et al. (2018) (Table 1). The damage intensity on remnant trees was assigned a rating
value ranging from zero (0) to nine (9) resulting from the sum of rating values of the damage severity
classes (minor, moderate and severe) on the three evaluated tree’s regions (crown, bole and leaning).
Moreover, undamaged trees were assigned with the lowest damage rating values (0) while not found and
dead trees were assigned the highest scores (9).

Table 1. Classification criteria for harvesting damage to residual trees in a secondary Atlantic Forest
according to Silva et al. (2018).

Intensity of damage

Category of - - -
damage Minor Rating Moderate Rating Severe Rating
value value value
Crown X <1/3 of I 1/3 <X <2/3 of 5 X >2/3 of crown 3
damage crown crown
Superficial wood Deep wood
Bark .
Bole damage damage (cambial 2 damage (sub 3
damage ; Lo
tissue) cambial tissue)
Tree leanin Slight 1 Partiall rooted 2 Full rooted 3
& leaning yup wily up

Causes of damage on standing remnant trees were further classified as a) felling or b) winching. The
damages caused by felling were usually evidenced by damages that were caused by the felling of
neighboring trees and characterized by damages to the crown and vertical scratches at the bole at any
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height (Figure 2a). Damages caused by winching were characterized by horizontal scratches at the bole
and observed, usually, up to one meter from the ground surface (Figure 2b).

Figure 3. Examples of: a) damaging of the bole caused by the felling of neighboring trees; and b) by
winching, during log extraction.

2.4 Analytical methods

Statistical analyses were conducted using SPSS software version 22.0 (IBM Corp. Armonk/NY, USA).
All data were checked for normality before applying suitable testing methods (non-parametric Whitney U
Test; p < 0.05). We compared different stand for structural characteristics: stand density (number of trees
per area), tree DBH, tree height, basal area (of trees > 7 cm o. b.) and stocking volume. Additionally, we
verified the harvesting impact on the remnant stand, based on the number of damaged trees per hectare,
damaged basal area and damaged volume.

Based on the post-harvesting inventory every tagged tree was georeferenced with the transformation of its
Cartesian coordinates (X, Y) into UTM coordinates (WGS 1984, Zone 22 South). Felling direction and
winching line bearings, obtained with a field compass during the harvesting operation, were
georeferenced, analyzed in ArcGIS software version 10.5.1 (ESRI Inc., Redlands/USA) and plotted on
the maps according to the measured azimuth and position of trees within the stand. The geoprocessing
methodology “triangulated irregular network” (TIN) (Fowler and Little, 1979) within ArcGIS was used
for generating damage maps based on damage intensity of remnant trees for visual assessments of damage
locations. For TIN generation, the damage intensity scores (obtained from the post-harvesting damage
assessment - table 1) replaced the height values (z-axis) generated on the map. Therefore, the highest
values of height (score 9) represented the most damaged areas in every plot and, thereafter, the lowest
values of height (score 0) represented the lowest damaged area per plot. Furthermore, within TIN
analysis, lines of equal damage intensity were generated around the most damaged areas and further
transformed into polygons to outline the size of most damaged areas into every research plot. These maps
allowed analyzing the location of most damaged trees with respect to tree felling direction, length of
winching line and size of disturbed ground area due to the winching operation, and terrain slope.

3. Results and Discussions

3.1 Forest Structure

Within the research plots, 110 different tree species were identified, representing nearly 20% of the 577
different species occurring in the Atlantic evergreen rainforest (ERF) as described by Lingner et al.
(2015). Furthermore, there is a statistical different among stands for most of the observed forest structure
and site characteristics (tree density, mean DBH, basal area, standing volume) (Table 2). These results
evidenced the high heterogeneity of the forest, which associated with the small number of replications
and also limited by the available resources, represented an extra effort for the experimental layout and
challenged the statistical comparison between harvesting methods. Yet, the characteristics of the studied
forest are typical of the region (Fantini and Siminski, 2017) and therefore, representative for the Atlantic
Forest biome.
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In general, stand A was characterized by a steep terrain (= 50% slope) and bigger commercial trees while
stand C was located in more flat terrain (= 5 / 10% slope), with high density of smaller trees. On the other

side, stand B presented some intermediary conditions between A and C, with more flat terrain (= 10 /
25% slope) but also with some bigger commercial trees.

Table 2. Main stand characteristics among plots.

Stand A Stand B Stand C
CM AM CM AM CM AM
Tree density (N ha™) 1600.0™  13313*" 14563 ™ 1393.8°% 16250 1887.5%°
Mean DBH (cm) 14.8 15.1 % 12.7 % 14.4 8 13.0 % 11.8%
Mean tree height (m) 9.7 9.6 10.0 * 10.3 %4 10.1* 9.9
Basal area (m? ha™) 39.5% 37.6* 24.7°% 30.1 % 28.2%8 29.2 %
Volume (m?® ha™) 313.0* 2593 187.0°®  211.5*® 1915 1952
Terrain slope (%) ~ 40-50 =10-25 ~5-10

Different lowercase letters in the same line indicate significant differences between harvesting methods.
Different capital letters in the same line indicate significant differences among stands.

3.2 Timber harvesting damage

Despite the challenging situation in stand A (steep terrain), no effect on the rates of damaged remnant
trees became obvious with respect to terrain slope or stand characteristics. Surprisingly, stand A, with the
highest terrain slope (40-50%), showed the lowest degree (29.2%) of damaged basal area (including
damaged and dead trees) and the lowest degree (28.0%) of damaged tree volume compared to stands B
and C. In the moderately sloped stand B (10-25% slope); both the highest degree of damaged basal area
and of damaged volume (35.6% and 35.1%, respectively) was recorded. Stand C, with the lowest terrain
slope (5-10%), showed slightly lower degrees of damaged basal area and damaged volume (34.2% and
33.2%, respectively) (Table 3).

Table 3. Harvesting damage for the conventional (CM) and the alternative (AM) harvesting methods
across stands considering all trees with DBH > 7 cm 0.b, including commercial tree species.

Stand A Stand B Stand C

CM AM CM AM CM AM

Remnant trees(N ha™)
Remnant trees  1425.0**  1225.0** 13563 ** 12563 1268.8** 1487.5*
Undamaged trees  762.5**  618.8**  643.8**  668.8** 5250  618.8*"
Damaged trees  387.5°%  425.0**  450.0*  368.8* 4625 5063
Dead trees  275.0**  1813* 262.5* 2188* 2813* 3625*

Basal area (m? ha™)

Undamaged trees ~ 14.3 ** 13.3 %4 8.8 122 7.0 8.5
Damaged trees 9.4 ** 7.4 7.3 7.4 6.4 7.0
Dead trees  2.8* 1.7 2.5 22 2.6 3.5

Volume (m?* ha™)
Undamaged trees  102.5**  98.5* 61.8* 874 498 58.4
Damaged trees  70.7 ** 51.5% 55.8 % 53.6% 443 46.3 *A
Dead trees 162 ** 9.5 15.8 % 13.3 % 15.4 %A 21.7*

Different lowercase letters in the same line indicate significant differences between harvesting methods.
Different capital letters in the same line indicate significant differences among stands.

It is important to mention that statistical analysis showed no significant difference between harvesting
methods nor among stands regarding the number of residual, undamaged, damaged and dead trees and the
corresponding basal area and volume of damaged trees. Despite the lack of statistical proof, we observed
slightly higher rates of damaged basal area and damaged volume for CM in stand A and stand B
compared to AM. Differently, in stand C, small dimensional trees at high density did not allow any
improved felling technique for a reduced impact harvesting. Additionally, it is important to mention that
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AM operator was unfamiliar with the characteristics of the Atlantic Forest, particularly composition and
structure of a regional secondary forest. This indicated that AM technique with more practice and
knowledge in local conditions might achieve better results and, most likely, lower harvesting impact.

Damages caused by the felling were significantly higher than those caused during the winching, in both
harvesting methods and in all three stands (Figure 4). The lower impact caused by winching, compared to
tree felling, resulted from the planning of individual winching lines in both methods, which included
extraction of logs at many different angles in relation to the road. Furthermore, the tractor did not enter
the forest stand which also contributed to the lower rates of winching damages.
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Figure 4. Harvesting damage caused by felling and winching for conventional (CM) and the alternative
(AM) harvesting method across stands, considering all trees with DBH > 7 cm o.b. The values represent
the mean values (+ standard deviation). Different letters indicate significant differences between felling
and winching damage.

Regardless of DBH class, the proportion of remnant trees damaged during the harvesting was similar for
the two harvesting methods (Figure 5). Yet, most of the damaged or dead trees (65%) belong to the lower
DBH class (from 7.0 cm to 11.9 cm). However, despite the ecological importance that smaller trees and
tree regeneration may have to the forest recovery, it is expected that any forest intervention may cause
some damage to the remnant trees (Picchio et al., 2012). Furthermore, the high grow rates typical for the
secondary Atlantic Forest (Fantini and Siminski, 2017) might promote a faster recovery of the forest,
mainly in this lower DBH classes.
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Figure 5. Harvesting damage for the conventional (CM) and the alternative (AM) harvesting methods,
considering DBH classes for all tree species. Black dots represented the cumulated percentage of
damaged trees related to the total number of remnant trees.
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Several studies evaluating the harvesting impact in tropical forests considered only trees above 12.0 cm
DBH (Bulfe et al., 2009; Jackson et al., 2002; Johns et al., 1996; Verissimo et al., 1992). Our research,
therefore, gave special focus to harvesting damage to intermediary and higher DBH classes (above 11.9
cm DBH) and we recommend them as a guideline for further researches. For every harvested tree CM
damaged between 0.8 tree ha™ (stand C) and 2.5 trees ha” (stand B), while the use of AM resulted in a
damage rate between 0.6 tree ha™' (stand C) and 2.2 trees ha™' (stand A) of remnant trees (above 11.9 cm
DBH). Stand C showed the lowest degree of damaged tree per harvested tree mostly likely due the high
harvesting intensity of improvement felling applied in this stand.

3.4 Geo Analysis

Most of the damaged trees were concentrated in small areas within the plots. Stand A showed a slightly
larger “high damaged area” (13.8%) compared to stand B (11.1%) and yet, lower than the dense stand C
(15.9%) (Figure 6). Although the map does not show the canopy opening resulting from the felling,
intensively affected areas may indicate the creation of big gaps, important to support the development of
natural regeneration. However, these gaps are not homogenous and well distributed over the entire plot.
Opening a large gap can promote the growth of undesired pioneer species with no commercial interest.

Star_ld A 7 ] Stand B . Stand C

CM

AM

Contour lines (2m) . Trees above 11.9 cm

]
1
—»

Buffer zone DBH
Winching Lines [ ¢ | Trees below 11.9 cm
Most damaged DBH
area per plot Tree damage Intensity
Felling direction P Severe

. No damage

Figure 6. Damage maps with the contour lines, felling direction, winching lines and the most damaged
area (red damage zones on the map) per plot.

It is notable in stand A and B, the CM harvesting damaged a larger “most damaged area per plot”
(234.3 m? and 194.5 m?) compared to AM harvesting with respectively 206.0 m? and 160.0 m? (Table 4).
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Table 4. Winching distance and disturbed ground area per plot.

Stand A Stand B Stand C
CM AM CM AM CM AM
TIN Most damaged plot area (m?) 2343 206.0 194.5 160.5 218.5 290.8

Shortest distance from the tree location
to the road (m)

Performed winching distance (m) 34.8 30.6 21.5 19.1 33.7 13.1
Estimated winching disturbed ground
plot area (m?)

Estimated winching disturbed ground
area per winched tree (m?)

32.7 29.7 26.1 23.5 21.1 12.0

200.6 140.5 105.9 113.4 184.2 72.0

100.0 54.9 60.1 47.2 60.6 18.0

Note: each research plot has 1600 m?. No statistical test was performed for these figures given the lower
number of observed winched trees, which resulted in insufficient number of repetitions.

Furthermore, the disturbed ground area by winching under CM in stand A (12.5% of the plot area) and C
(11.5%) was also higher than under AM (8.8% and 4.5%, respectively). We attribute the reduced
damaged area to the use of a skidding cone and a snatch block during AM harvesting system. These tools
enabled improved winching in AM, allowing accommodating the extraction of logs directed to the
common extraction direction, for increasing variety of usable extraction corridors and most advantageous,
for using extraction corridors for several logs and consequently reducing the total stand area impacted by
extraction. Furthermore, spatial analysis of winching lines indicated that the winching lines did not follow
the shortest extraction distance from the tree location to the road.

4, Conclusions

Our results suggest that small improvements, like the use of extraction tools and increasing the chainsaw
operator’s skill, can significantly reduce damage to residual trees. Moreover, the high stand heterogeneity
characterized an extra effort and challenged the assurance of comparability between harvesting methods
or stands. The high stand density of these forests may also limit the effectiveness of the efforts to reduce
harvesting damage. However, this result is important in itself as it reinforces the statement that the
secondary forest of the region forms a mosaic of small patches with particular site conditions as well as
forest composition and structure.
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WET AREA MAPPING USING REMOTE SENSING DATA IN LATVIA
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Abstract: Aim of this study is to evaluate possibilities of using LIDAR data and multispectral satellite
imagery in detecting spatial distribution of wet mineral soils in forest. Area of this study consists of 20
sites, each covering 1 km2 and are located on different types of Quaternary sediments. Up to 10 study
plots are in each study site. Data about forest and soil characteristics are collected during field works,
but various spatial indices are acquired from

remote sensing data. One-way ANOVA test are used to compare obtained data for different soil wetness
classes, while binary logistic regression analysis is used to obtain indices for predicting soil wetness in
wider area. The results of this research show that different remote sensing indices and their combinations
should be used to predict soil moisture regime on various Quaternary deposit types. The accuracy of soil
wetness classification is tested on training data and on different Quaternary sediment types it is between
83 -97%.
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Abstract: In recent decades, the use of heavy machinery in mechanized timber harvesting has increased
exponentially in central Europe. Heavy axle loads of machines required to harvest and transport wood
within the forest stand result in serious soil structure damage such as compaction, rutting and soil
displacement. Compacted machine operating trails commonly exhibit higher soil bulk density as well as
lower water infiltration and hydraulic conductivity. To facilitate the long-term use and maintain technical
trafficability of machine operating trails, restoration strategies for the management of affected areas
have to be developed. To gain additional knowledge, the aim of this study was to analyze and compare
the effects of two soil restoration techniques performed in triplicates on three machine operating trails in
Freising (Germany, Bavaria). All machine operating trails had been exposed to forwarder traffic during
a recent mechanized cut-to-length operation. In treatment 1, the damaged trails were levelled and packed
with a light tracked excavator (15,000 kg). In treatment 2, the trails were additionally aerated with a
tractor-mounted attachment equipped with 35 cm long spades (total mass of 14,100 kg). Several soil
physical parameters (penetration resistance, bulk density, infiltration rate, hydraulic conductivity, air
permeability, pore size distribution) were examined before and after the restoration procedures.
Productivity and the costs of the considered techniques were also monitored and assessed. In the field,
intact soil cores of 100 cm? (total of 192 samples) were sampled at pre-defined transects on the machine
operating trails at 10, 20 and 30 cm depths and used for measurements of soil dry bulk density, hydraulic
conductivity and air permeability. Penetration resistance (864 measurement points) and infiltration rate
(120 measurement points) were measured pre and post impact on transects located perpendicular to the
main axis of the trails to assess the performance of the treatments. First results suggest that the
restoration and aeration of compacted machine operating trails lead to a significant decrease in soil dry
bulk density and penetration resistance, thus potentially indicating their usefulness in the restoration of
compacted forest soils.

Keywords: Forest soil; Soil compaction, Soil disturbance, Soil health; Mechanized harvesting
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Abstract: Soil disturbance, in the form of compaction and rutting, induced by skidding in timber harvest
stands is proved to have adverse long term effects on forest productivity and sustainable management.
Laying harvest residues (slash) along sensitive areas on the skid trails is one common strategy used to
mitigate disturbance caused to soil profile. The primary objective of the study was to understand the
impacts of frequency of machine pass, soil moisture content, slope of skid trail, and machine turnings on
soil disturbance during timber extraction phase. The next objective was to analyze the impacts of the
depth of slash mats on soil compaction and rutting. The field study was conducted on a whole tree
harvesting operation in Central Maine, USA. Penetrometer depth (at 1.7 mpa), rut depth, and soil
disturbance classes were measured for the first 15 machine passes of the skidding phase from designated
monitoring station. Other variables measured included soil moisture conditions, skid trail slope, and
slash depth on skid trail. Standardized models are being developed to determine the impact of the above-
mentioned variables on soil compaction and rutting. The expected results of the study are to find a
correlation between, i) penetrometer depth and machine frequency, ii) slash depth and rut depth; iii)
slash depth and penetrometer depth; iv) soil disturbance and slash depth; v) soil disturbance and soil
moisture; and vi) soil moisture and machine frequency. The study aspires to come up with an optimal
slash depth model which can achieve minimal soil disturbance. We anticipate the study will provide
crucial information to the timberland managers and operational foresters in better understanding the
effects of skid trail, choosing sustainable and cost-efficient extraction methods.
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Abstract: Timber harvesting on slopes too steep for safe machine travel has typically been accomplished
by using labor-intensive and often environmentally impactful methods such as manual felling with
chainsaws and extraction using bladed skid trails, winching, or cable yarding. On gentle terrain, ground-
based mechanized harvesting systems are common throughout the world and have been adapted and
refined to achieve high levels of productivity. In some regions of the world, cut-to-length harvesters and
forwarders are used and are typically low-impact, safe, and efficient alternatives. However, when this
equipment is operated on steep slopes, numerous problems are encountered such as poor stability, loss of
traction, and increased soil disturbance. Tethered or cable-assisted logging practices are being used
around the world to overcome some of the issues associated with operating equipment on steep slopes.
This technology has been implemented in Brazilian Eucalyptus plantations for some time; however,
questions remain in relation to operational feasibility and environmental impacts. There is especially a
lack of information regarding how ground-based equipment affects the soil when tethered on steep slopes.
The objectives of this project were to quantify changes in soil bulk density, rutting depth, and predicted
erosion resulting from varying numbers of passes and payload levels by forwarders. The machines were
equipped with two different track-band configurations for improved traction and tethered by either a
machine-mounted (HAAS) or self-contained winch (Twinch), on slopes ranging from 50-87%. This study
will provide baseline information on how impactful tethered forwarders are on soil properties and how
the impacts vary based on slope steepness, traffic level, and winch assist mechanism.
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Abstract: Forest harvesting operations may have a significant impact on soil physical properties. The
soil disturbance extent and severity, during wood extraction operations, are related to the condition of
the soil, harvesting system. Impacts mainly consists of soil compaction, displacement, and rut formation.
Several papers investigate, on the short term period, the soil damages caused by logging operations, but
information on the effects of logging on the medium and long term period are still missing, thus
highlighting the needs of further investigations on this topic.

This study investigates the effects of wood skidding and forwarding on soil degradation on three sites
located in Central Italy. Results are related to the medium and to the long term period after logging
operations and in details were considered six months, 1 year and 3 years after forest operations.
Changes in porosity, bulk density, shear and penetration resistances were investigated on two plots for
each wood extraction system adopted (skidding and forwarding). The analysis was conducted using
traditional methods (cone penetrometer, steel cylinder and vane test) for evaluating soil damages caused
by a loaded forwarder and skidder. The lack or the presence of forest regeneration was also highlighted.
After different period from logging operations it was possible to assess that the restoring time of
extraction tracks it is related to the previous soil compaction level. Natural regeneration was often
observed where the skidder operated and on sandy soils compacted by forwarder machines.

In conclusion the effects on soil of forest machines are still present after long term period, thus
suggesting that the use of previous tracks must be encouraged to avoid the extension of soil disturbance.
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Abstract: Chainsaw tree felling is an inevitable forestry work which suffer from frequent manual work
accidents. Even if we are delight with advanced machineries in the forestry fields, the most important
work processes were carried out by chainsaw manual work especially on the steep hillsides. Our Smart
Chainsaw was developed based on a general engine chainsaw and attaching sensors, such as 3 axis
acceleration, 3 axis gyro and so on, on it and provided with information connect function through
Bluetooth. It aims at lesser these accidents, better work environments and more efficiency. A work
process and posture were acquired by sensors on the chainsaw and were showed in 3D moving
scenario. Tree felling works were digitalized and the processes were compared to show the difference

of process. Understanding through acceleration signals was focused on at initial stage.
Keywords: chainsaw, manual work, vibration, posture
1.Introduction
Chainsaw is essential machine for manual forestry work not only for tree felling and for

versatile work in the forests. And chainsaw today is very sophisticated to have well design for manual

handing, safety function, high power and less vibration and son on. But we still suffer from
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trouble/accidents through the operation. ICT offers us to make it useful by reading the condition and
put management on it. The operation situation, cutting accuracy, felling productivity could obtain

through the system.

2.Material

A chainsaw with sensors and data processing/transmitting function was developed and the
functions are having been evaluating and the data process system has been developing.

Through attending an WLC for chainsaw workers operation data were obtained for an
operation under designed manner. In the trial of the Novice class at HLC held in Tottori Prefecture in
July in 2019, it participated with a smart chainsaw, and the operation situation at that time was recorded
as digital data. The trial was done by cutting down, cross cutting, and delimbing. In particular, it was

analyzed using a vibration acceleration, figure 1.

Felling , Short log version for Crosscutting Delimbing

Novice.

Figure 1. Operation trial at Chainsaw technique competition

HLC (Husqvarna Logging Championship).

3.Method
The chainsaw was equipped with sensors based on the HusqvarnaGP4350EZH, figure 2.
The ICT part embedded a board with sensors embedded in the handle grip. The data was stored in a

built-in SD card and also sent to the smartphone via Bluetooth.
The chainsaw was extensively equipped with several sensors to know location, acceleration,

rotation, throttle and engine revolution. The chainsaw has scarcely room and handle grip inside and

bottom were utilized to install devices. Data were sampled at 100Hz.
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Figure 2. Sensors and the PCB was

installed inside the handle grip.

4.Result

A series of collected data is of the above three trials performed during about three and a half

hours. I show the acceleration in the x-axis direction in the figure 3.
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Figure 3. Record of chainsaw operation.
t: 1.5-3.0*10°: felling, 3.5-5.0%10: cross cutting, 8.2-9.0%10°: delimbing

blue: x-axis, red: y-axis, yellow: z-axis

It was divided into three sections trial of felling, cross cutting, and delimbing.
Since the raw data is a synthesis of gravitational acceleration and vibration acceleration, we
tried to grasp the chainsaw posture by moving average. It was determined that the tendency of the

posture can be read when the moving window size was 10 seconds as shown in the figure 4,5,6.
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In the felling trial, initial tree trunk preparation by v smoothing left and right vertical sides

of the trunk (a) as shown in the figure 1. Also, it was possible to read the sawing was advanced to

make felling hinge last (b) and cut off. The vibration by the cutting acceleration of about 0.4 - 0.8g.
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Figure 4. Acceleration-x axis

Felling, 10 sec smoothed.

In the delimbing trial, it was understood that the branches were cut off while moving

chainsaw along on the trunk while changing the chainsaw posture as shown in the figure 5.

04
03

02 |

Acc. | | |

\
RN ( 1f W
-03 al r' \ A

-04

05 A A

Elapse time sec.

25

43

3

Figure 5. Acceleration-x axis

Delimbing, 10 sec smoothed.



In cross cutting trial, it was possible to grasp two works of cutting off of the log ends were

carried out by moving one to another as shown in figure 6.
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The machine vibration magnitude during sawing work was evaluated by three-axis synthetic
acceleration, AC3.
AC3 is defined by,
AC3 = \Jacx? + acy? + acz? (1)

here, acx is acceleration in X axis,

acy is acceleration in y axis,

acz is acceleration in z axis.

So, we have AC3 for felling operation, AC3 for delimbing operation and AC3 for cross

cutting operation, as shown figure 7, 8, 9.

1 15 2 25 Figure 7. AC3 at Felling.
Elapse time sec. x10°
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Figure8. AC3 at Delimbing
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5.Discussion

Vibration acceleration in the actual chainsaw sawing work is large, about 5g was frequent.
Since the three-axis synthetic acceleration representing the chainsaw body vibration characteristics are
many things are 4 to 5m/ s2, i.e. 0.5 g, it was about 10 times larger than them.

Posture action of the chainsaw manual work was shown by magnitude of acceleration move
mean with the wind size of 10 seconds. Each axis acceleration was processed by this way and

combination of X, y and z acceleration visualize the movement of the chainsaw (video).

05 /

-05 \ Figure 10. Chainsaw

05
\ / 0t posture in action (movie).
n
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6.Conclusion

We were able to attach sensors to any chainsaw to understand the situation at work
numerically. The acceleration data allows us to understand the working posture. From the size of the
work contents and vibration, cutting mode cut to wood is the main, vibration was large at cross cutting
operation. It was about 10 times larger than that of idle racing. Although it is presumed that the
appropriateness sharpening of the saw chain to be cut tree/log affects the vibration, it is necessary to
consider in quantity about the appropriateness and vibration that stand out in the future.

Further development is needed to configure operation model in introducing extra
measurements such as the throttle opening, engine speed, saw chain speed, and attitude angle speed.

Sensor devices can be standardized to accommodate a wide variety of models. We would
like to promote the development and development of application software and improve the
functionality and convenience.

A function for less experienced worker to advice the operation and also a function for
experienced worker to keep the safety and productivity will be installed. For the business management
requirement, Bluetooth connection to smartphone can be useful to have electrical daily operation

report function.
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Abstra ct: The anticipated shortage of keen and motivated forest workers is a severe thread for forest
operations in the future. Due to high competition for young entrants in all sectors the recruitment of
forestry workers becomes more and more difficult. While it is of crucial importance to increase the
training and recruitment of young workers, it is evenly important to ensure that forest workers will stay in
their jobs. The forestry workforce on average is ageing and many forestry workers have constraints to
carry out specific demanding tasks well before reaching the statutory retirement age. For many reasons,
not at least to sustain a competent workforce, it is important to take initiatives to maintain the
employability of forest workers as long as possible. Actual research aims at concepts for age-friendly
working conditions in forest operations and personnel development policies to achieve a holistic life-
course approach of early intervention, general risk prevention, and job design.

Keywords: workforce, demographic change, employability

1. Intro duction — demogra phic change and ag eing work force
1.1 Demogra phic cha nge

Demographic change has a deep impact on societies and economies. Demographic change has achieved
high awareness as a future challenge in industrialised countries and has achieved a high priority on the
political agenda. In a nutshell demographic change means that the social fabric changes due to decreasing
birth rates and increasing longevity. With improved medical treatment and better living conditions people
not only have the chance to get older but also to have higher number of healthy live years, which is the
timespan until severe health complaints occur which limit their well-being and activity (EU-OSHA,
2017). As a general effect people will be able to stay considerably longer in employment than their parent
generation. And they will also have to work longer since the statutory retirement age has been risen
gradually over the past years.

Therefore, maintaining the employability of the workforce therefore is an enormous challenge for
enterprises in all economic sectors since an ageing workforce is of course not only a problem in forestry.
Consequently, the European Commission (2014) identifies in its “Strategic Framework on Health and
Safety at Work 2014-2020” that taking account of the ageing of the EU's workforce is one major key
challenge of today.

To keep workers in their jobs as long as possible is not only a political and social need, it is also more and
more important for maintaining a keen and competent workforce, since the availability of young entrants
is limited. Forestry competes on a very tight market with other professions which may be more attractive
in various terms. Forestry work seems to have a rather low attractiveness compared to other jobs, not at
least since it is a physically demanding profession.
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1.2 Work ability and employability

Before the impact on forestry and forest operations is addressed, it is worthwhile to outline the problem
area in more general terms not at least to provide some definitions and clarity on social and political
frame conditions. Physical and mental capacities change with time. Unfortunately, physical capacities of
most people decrease during their life time and the probability of suffering from chronic diseases
increases. What may sound like a platitude is the rationale for looking into the concepts of work ability
and employability.

In the age group 55 years and older the proportion of workers suffering from a chronic disease or having
an illness that has lasted more than 6 month is higher than among younger workers. Chronological age is
not the only factor. It is obvious that there are older workers who are fit and healthy and face no
constraints at all to carry out physically strenuous work, while there are young workers who have a
limited working ability due to health issues (Eurofound, 2014). Also workers in the middle age group
may suffer from chronic diseases or accident related handicaps and have to quit their jobs before the age
of 55 (Eurofound, 2014). It very much depends on individual physical and mental dispositions at what
time in life health problems arise.

Many people do not stay in employment until the statutory retirement age. “The average age at which
workers exit from the labour market in the EU is 61 years” (EU-OSHA et al., 2017). And for many
people it is not really desirable or manageable to work as long. “In Europe 28% of the workers think that
they are not going to be able to work until they are 60. In workers older than 55 27% feel that they will
not continue working throughout the next 5 years“(EU-OSHA et al., 2017). There are many reasons for
early retirement. In many cases poor health is a driving or contributing factor.

In the context of this paper the focus is on workers suffering from health problems which limit their
ability to work in their own job. The most prominent and obviously most frequent case in forestry is that
chainsaw operators are no longer able to cope with the physical strain of their tasks throughout a working
day. A typical reason is low back problems. In this case a worker faces health related limitations to
continue carrying out the tasks which are substantial to their job. This is a loss or limitation of work
ability and has led in the past to the medical certificate of an early disablement with subsequent early
retirement. But the political and social frame conditions have changed. Today, it is a highly ranked
political goal to increase the employment participation of the older population as long as possible, among
others as a means for integration and contribution of people in social life, but of course also from the
utilitarian perspective to maintain a competent workforce under the premise of demographic change. And
last but not least, pension and insurance schemes can simply not afford any more extended expenses for
pensions when the life expectancy is still increasing. And, speaking for the actual German situation, in
times of high unemployment the justification for retiring before the statutory retirement age was much
easier than today, when in Germany one can speak of full employment.

The EU Lisbon Strategy (2000) sets the goal of promoting employment by creating more jobs and longer
working lives with better quality. The key objective on society and enterprise levels therefore is to
maintain the employability of workers. In simple terms this means that a person may have lost their ability
to carry out tasks which are substantial to the own job, e.g. working with a chainsaw. But this worker is
still able to be employed either with alternative or additional tasks in the scope of the own enterprise or in
a different job. This is in line with the policy of rehabilitation instead of pension which has become a
principle in German social legislation.

As a result, enterprises are challenged to facilitate the employability of their workforce by individual and
enterprise policies and strategies consisting of health and safety concepts, human resources development
concepts, in line with improving working conditions and adapting working conditions to the needs and
capabilities of older workers.

In this context the term “altered performance” plays a role. At first sight the term may be seen as a

political correct wording for “disablement” what would provide a rather weak conceptual value for
dealing with the problem that a high number of forest workers face limitations of their work ability due to
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health problems. In fact these workers suffer from a partial disablement which should not be covered by a
verbal adulteration. It should be clearly named that forest workers are exposed to health risks and are at
risk to suffer from work related health problems and disablement. Coherently, “altered performance” has
not yet entered juridical terminology in Germany, where the legal basis for compensation, rehabilitation
and retirement still clearly is whether a person has limitation to its work ability. But when it comes to
human resources management and development the exclusive focus on disablement or degree of work
ability does not offer solutions. Since the challenge is to maintain the employability of a person it is
necessary to look at the overall set of capabilities this person owns. The most commonly used formula is:
with age a worker will get reduced physical capacities but wins experience and knowledge. This is more
and more identified as a highly valuable asset of enterprises. And it can be assumed that particularly in
forest operations the value of these “soft skills” is still dramatically undervalued.

1.3 Aim of this paper

This paper reflects on the relevance of the impact of demographic change on forest operations in the
future. It tackles an issue which so far has been announced on a political level. It has not yet been
followed up by substantial scientific analysis. This presentation therefore intends to raise awareness for
the need to take a closer look into the issue and it invites the forest work science community to joint
research activities for coping with the arising challenges.

1.4 Material, empirical basis and scope

The empirical basis on demographic factors in forestry is still rather weak. The last inquiry in Germany
was undertaken in 2011 and covered the age distribution of the overall workforce in German state forest
enterprises. Already this study showed clearly that the amount of employees in the age group 50 years
and older was over- proportional to a balanced age distribution (Brand et al., 2011). Unfortunately, this
statistical assessment could not be updated until the presentation of this paper.

The actual findings on the state of art in German state forests which form the empirical basis of this paper
are based on exploratory interviews with experts and a group discussion with safety and health experts
from all German state forest enterprises which was held in spring 2019.

Therefore, this paper presents an explorative study with a specific scope. It focuses mainly on the
situation in Germany, but there is a considered guess, that the core findings match the experience in other
countries. Further, this study can only reflect the situation of the core workforce in state enterprises. A
contribution to the evenly exciting question how forest service enterprises deal with age-related changes
of workers” performance cannot be derived from these considerations.

2. Ageing work force - a challenge for forestry
2.1 Ageing work force on the politica 1 agenda

The availability of a keen and competent forest workforce has been identified on many occasions as a
critical bottleneck for sustainable forest management. This is namely the fact on the European political
arena. Among other data sources the analysis of the data for the State of Europe’s Forest report 2011
showed that the sustainability of the forestry work force is at risk due to ageing workers, declining
numbers of employees in forestry, and a persisting alarming accident frequency (Forest Europe, 2011).
The on-going ageing of the forestry workforce was confirmed again by updated statistics (Forest Europe,
2015).
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On the other hand it is a clear political statement that

“[a] sustainable, trained and safe workforce is one of the pillars of a more competitive forest
sector. Well-managed forests with qualified forest managers, workers and entrepreneurs pave the
way for a sustainable and competitive forest sector that plays an important role in rural
development and in the whole economy while providing societal benefits” (European
Commission, 2013).

Concerns related to ageing and demographic change were also risen by the ILO which in its recent report
on forestry the ILO observed that “... in view of demographic transitions and the shortage of young
people working in forests, challenges such as the capacity to cope with strain are a matter of concern for
the older forestry workforce” (ILO, 2019).

While the problem of demographic change and its impact on forest management and forest operations
have achieved some political awareness, it has not yet been taken up by the scientific community as a
topic for research and development. Therefore, the empirical evidence on the subject is rather limited and
the search for knowledge based solutions has not yet been started. However, the observations and the
evidence provided from practice justifies that the problems and challenges need to be taken serious.

2.2 From early retire ment t o rehabilita tion and mainta ining employability

Already at a workshop held in 2011 the concern about demographic change and its impact on the future
forestry workforce was discussed (Brand et al., 2011). One major conclusion was that forest enterprises
should search for task within the forestry management processes to allow forest workers with altered
capabilities to stay employed in the enterprise. This was a considerable shift of focus since in the past it
was quite common that a forest worker who suffered e.g. from musculoskeletal disorders — commonly:
low back problems, which of course related to a high physical work-load over his working life, received
the medical certificate of an early disablement. This workers were not able to carry out their own jobs any
more due to poor health and — based on the medical certificate — they was allowed for early retirement.
Matter of fact a high number of forest workers retired around the age of 60 (e.g. Lewark and Hérle, 1991).
The number of workers staying in forestry work older than 60 was rather rare since most of the workers
suffered from some kind of work related health complaints.

However since times are changing the opportunity for older workers to stop working and retire with a
disability pension has been reduced considerably for many reasons. This again calls for activities on
enterprise level to maintain the employability by individual support, decent work organisation and human
resources development strategies on enterprise level. The following chapter provides some impressions of
the situation in German forestry.

3. State of the art in German state forest enterprises
3.1 German state forest enterprises fa ce the challenge of an ageing work force

While there are structural and organizational differences between German state forest enterprises, they all
have in common that they face the challenge that the forest workforce is ageing. The average age of the
forest workers in German state forests enterprises gets closer to 50 years. This is partially due to the fact
that over the last decades forest operations have been gradually outsourced to contractors, and that vacant
posts of retired forest workers were not replaced with young entrants. Secondly, workers stay longer in
employment than in the past, since early retirement based on a medical certification of work-related
disablement is less common than in the past.

First inquiries show that there are considerable differences between the German state enterprises,

particularly with regard to the human resources management and development strategies applied at
enterprise level. For the scope of this paper it is not intended to dig into the management structures and
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their differences and commonalities. The focus will be on strategies and measures which are applied or
planned at different levels across Germany. An assumption on how the effectiveness of age management
is related to the form and extend of human resources management and the awareness for health and safety
on top management level must be subject to future considerations. Just in brief: In discussions about
experiences in enterprises it was addressed that the effectiveness of employing workers with altered
capabilities with meaningful jobs is very much related to the level of awareness from managers.

3.2 Ageing and alt ered performance of forest work ers

The common denominator is that ageing of the workforce is a severe concern in all German state forest
enterprises. And it is nothing coming out of the blue, but it has been forecasted for many years (Brand et
al. 2011). However, most German state forest do not yet have a clear strategy or concept to cope with the
problem that a considerable amount of workers is not capable any more to carry out specific physically
demanding tasks. It needs to be stated again, that at first hand limited capabilities and loss of work ability
are individual phenomena which are subject to a medical diagnosis and need a medical certificate. On the
other hand it has become a collective organisational problem since the number of workers with health
related limited capabilities increases.

Forestry work, particularly motor-manual work is carried out in teams, preferably teams of 3 or more
workers who have their operation area in a specific district. In the best case these workers form are a
well-rehearsed team with a considerable amount of autonomy. When one team member is no longer able
to carry out the assigned task, e.g. to work full time on the chainsaw, the team is not operational any
more. For the district management and the team it is an enormous organisational challenge to replace a
team member for example by shifting workers from one district to another. Higher commuting distances,
adaptation to changing group structures are factors which are not well appreciated by most workers and
need to be compensated with various incentives.

The matter of concern in most state forest enterprises is that the amount of tasks which can be carried out
by workers with limited work ability does not seem to match the work capacities. Therefore, the question
arises, whether alternative tasks are productive and effective enough to justify employing a professional
forest worker.

In the recent explorative study industrial physicians and managers raised a very important point: It is of
utmost importance to respect that forest workers draw a considerable amount of their self-esteem from
their professionalism which includes of course the physical and mental capacities to cope with strenuous
and dangerous tasks. An experienced industrial physician considers that the diagnosis of a limitation to
the work ability in the own job is one of the major reasons for psychological health problems of forest
workers. And it is worth mentioning that today psychological issues are more frequently identified among
forest workers than in the past.

3.3. Strateg ies

Some state forest enterprises have embarked on coping with the challenge. In some cases positions for
human resources development have been established, and these enterprises work on strategies to maintain
the employability of the ageing workforce. From these enterprises good practice cases can be presented.

Good practice 1: Based on a longer term strategy starting about a decade ago specialised teams
have been formed. They consist of workers with health related limitations for heavy physical
work These teams carry out a number of tasks, such as silviculture work, planting, road
maintenance and maintaining of hunting infrastructure. They work on inter-district level, which
means that they offer their capacities for a full regional management unit. These teams are well
appreciated by colleagues and managers and their services are well in demand. The team
members do not consider themselves as a fifth wheel in the company but have the feeling that
they do a valued job.
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Good practice 2: Forest workers are offered opportunities for further education or re-training to
change to administrative positions. This has been proven successful in some cases. The caveat is
that the candidate needs to be willing to change from his chosen outdoor job to an office
position. Experts report that this is a real individual solution for a few workers. It is by no means
a solution to offer employment for a larger number of workers with altered capabilities. But it is
one effective element of a wider strategy towards age-friendly work.

Good practice 3: In some enterprises forest workers facing the problem of limited physical
capacities are assigned with assistant tasks to the district manager, which seems to be rather
sensible in cases where organisational changes have led to increasing management areas and
work load. There, experienced forest workers can provide an enormous support e.g. by
organising and controlling contractor operations. It is another look at capacities of workers
which approves the concept of “altered performance” and acknowledges the competences and
experiences of the individual.

While good practices can be found, the most common approach seems to be that the enterprise
management does not have a strategy to manage age-friendly forestry work. Generally, district
management rather looks for individual solutions to keep workers with altered performance employed,
e.g. with workshop or simple assistance tasks. This works as long the quantity of workers with limited
work ability for physical work is manageable. But the numbers are rising. One forester stated that in his
district one third of the workforce is already faced with limited work capabilities, and he could present no
actual solution.

A general conclusion of the collected expert opinions is that — with few exceptions — forest enterprises are
still very much at the beginning of a search for solutions to cope with the challenge to maintain
employability of their workforce and to facilitate more age-friendly working conditions in their
enterprises.

4. Conclusions and Out look
4.1 Research Ne eds

Generally, there is not yet sufficient knowledge about the impact of demographic change on the future
labour capacities for forest operations. The alert of a future lack of a competent workforce is mainly
based on experts” assumptions and industry representatives” expressions with limited empirical evidence.
The need for statistical baselines for policy and sector development has been addressed before
(Kastenholz, 2014). Particularly with regard to the diversity of the workforce more research activities are
needed to focus on targeted development strategies. There is also the need to look into the diversity of the
workforce in small service enterprises which carry out more the majority of forest operations. Here,
statistical data are not available. Qualitative studies will have to be carried out to assess whether and to
what extend demographic change will affect the capacities and the performance of this important part of
the workforce.

Research on the impact of demographic change has to take a two-tier approach. On the one hand we need
to understand the development of the collective forestry workforce, based on the volume and quality of
the future task and the need for work capacities. On the other hand a focus on individual worker’s careers
is necessary to better cope with the challenges of ageing and altering performances and to design age-
friendly working conditions in forestry.

On enterprise levels there is the crucial demand to identify alternative tasks to offer employment
opportunities which meet the capacities of workers with altered performances. It is not only about finding
tasks from a quantitative perspective. To follow the goal of creating “better jobs™ tasks must be identified
and allocated which are both value-adding for the enterprise and facilite the self-esteem of the individual.
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4.2 Focus on “sustainable w ork”

The authors are well aware that stressing “sustainability” again in this context may cause a bit resentment
among some readers. However, it is worthwhile to reflect on the concept of “sustainable work™ as a guide
bar for human resources development in forestry.

“Eurofound’s working definition of ‘sustainable work over the life course’ means that working
and living conditions are such that they support people in engaging and remaining in work
throughout an extended working life. These conditions enable a fit between work and the
characteristics or circumstances of the individual throughout their changing life, and must be
developed through policies and practices at work and outside of work” (Eurofound, 2015).

“Sustainable work™ covers quite well the idea of creating better jobs and focussing on the demand for
age-friendly work design and organisation.

Keeping workers healthy by preventing accidents and designing work places with lesser health risks is
still one order of the day. It is of utmost importance to continuously strive for a prevention culture in the
forest sector (Kastenholz et al., 2018) which not only looks into the causes and symptoms of injuries and
diseases but gives health and safety a top priority in work organisation and human resources management.
This is one cornerstone of “sustainable work”. This must be accompanied by continuous skills
development to enable workers to shift to other jobs or tasks when they face health problems and altered
capabilities. The job opportunities outside forestry are encouraging since there is an emerging unsatisfied
demand for motivated workers in other sectors .

Finally, the scope of developing age-friendly work needs to be opened beyond the forestry borders. In
many cases the chances to maintain the employability will be in finding new jobs in a different sector.
The earlier in the working live these opportunities and the required skills will be developed the better the
chances for a worker to adapt to new tasks and conditions. For human resources development in forest
enterprises this implies that developing age-friendly work does not start when people are getting old and
face health problems. Age-friendly work starts from the beginning of the career and is a continuous
development task.
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Abstract: In forestry, chainsaws are widely used for felling and processing trees all over the world.
During working, the operators are exposed to the risk of injuries and several other health hazards such
as noise, vibration, and exhaust gases.

Today, battery chainsaws are already seen as an alternative to combustion driven saws in many
industrial sectors like urban gardening or construction engineering. The fast development of light and
powerful batteries within the last few years made them also interesting for the forestry sector.

The present research aims to evaluate and compare the cutting performance, energy consumption and
noise exposure of two battery and three gasoline chainsaws during cross-cutting and delimbing. Results
showed that battery chainsaws emit significantly less noise than gasoline chainsaws. Nevertheless, the
battery chainsaws exceeded the upper exposure action value for noise set by the European Union, both
during cross-cutting and delimbing. The tested battery chainsaws showed similar cutting-speed values to
compact gasoline chainsaws with a power output of approximately 1.7 kW. Professional chainsaws with a
higher power output showed much higher cutting speeds.

In conclusion, battery chainsaws are more favorable than gasoline chainsaws in terms of noise emission
and energy efficiency, but cannot keep up with professional gasoline chainsaws in terms of cutting speed.
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Abstract: Forestry EDUTrainer is an ERASMUS+project that deals with the pedagogical-
methodological skills of trainers in the field of education and training of learning adults in forestry in
Europe. The background to this is that precisely this methodological-pedagogical qualification of trainers
in forestry is rather the exception in most European countries. In view of the important key role that
trainers play - also with regard to the requirements of occupational safety and health protection - the
project aims to develop a training standard including a multi-module qualification concept based on an e-
learning platform for trainers in the forestry sector. The project is funded by the EU under the ERASMUS
+ program.

Keywords: Forestry EDU Trainer, qualification, methodological skills, social skills, occupational safety,
health protection, VET training, occupational training, e-learning, blended learning,

1. Introduction

The main objective of the Forestry Edu Trainer Project is to conceive, issue and disseminate a Training
Course in order to improve and foster general teaching and pedagogical skills for forestry trainers in
Europe, i.e. VET trainers in both school and work-based system, who train future forest operators, both
adults and young people. Why is this necessary? In general the technical and factual skills of trainers in
forestry are goo but there is an enormous lack of methodological-pedagogical and social-personal skills.
In order to build the training course, the partnership has worked on a Competence and a Training
Standard common to all European countries, i.e. key teaching and pedagogical competencies and skills
for technical trainers in the forest sector to improve their qualification and training capacities. The
training course will finally lead to a European Certificate for Forestry Trainers (ECFT).

After the elaboration of the Competence and the Training standards, the partnership has therefore
developed the training course that is available on Moodle platform through blended learning to become a
certified Forestry Trainer.

In order to test the course and also the Moodle platform, the partnership has developed a one week
training course for experienced forestry trainers. Those trainers tested the resources of the Module 1 of
the Training course ‘Communication basics for forestry trainers’. They also have been prepared to
understand the issues at stake behind the topics of this course, in order to train in the future other less
experienced forestry trainers. The trainers, who have participated to this 1st Experimental Training, are
the 1st “EduTrainers” who will initiate the process of “train of trainer (ToT)” of this project.

Within this output, KWF e.V., in collaboration with the forestry training centre Waldarbeitsschule
Kunsterspring, has designed and issued the TRAINING COURSE ‘Communication basics for trainers in
forestry” FOR THE FIRST EXPERIMENTAL TRAINING OF “EDU TRAINERS” that successfully
took place in Ludwigsfelde, Germany, 1st — 5th of July 2019.

This paper describes the path from the idea of an EDU Trainer to the e-learning training course on a
platform that is open to all forestry trainers in Europe to sharpen their competencies and qualification for
being an excellent trainer besides the (important) factual skills.
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2. The Competence Standard — Definitions and Proceeding

2.1 Trainer and Competence

In European countries education and training are regulated differently — either it is professional/vocational
training or further education. In Germany for e.g. forest worker is an officially recognized vocational
discipline. The vocational training for forest workers is incumbent upon so called forestry-masters, who
have to take an exam (Ausbildereignungspriifung) that proves their general ability to teach and train. The
'Ausbildungseignungsverordnung‘ — a special regulation for trainers giving vocational trainings — gives an
overview of the competencies, a vocational trainer ought to have. For e.g. at the Forestry School in
Hachenburg — the courses for future forestry-masters include extra-curricular skills besides the
professional skills. It is getting more and more into consciousness that to the same extent methodical,
technical and personal skills as well as psychological and pedagogical competencies have a huge and
sustainable impact on the achievement of objectives in trainings.

Professional competence is the ability to link, deepen, critically examine and apply interdisciplinary
knowledge in a professional and multidisciplinary capacity. These are purely professional skills and
knowledge, which are usually acquired within the framework of an apprenticeship and extended by
further training. Based on the question in the project, these are all the skills that an instructor in the
forestry field should have in relation to the three different training domains manual logging, mechanized
logging and skidding.

When we speak of technical competence, methodological competence, social and personal competence,
we are talking about the competencies that a good instructor in the forestry sector has in regard to their
own teaching and pedagogical skills.

Technical competence encompasses the knowledge, control and application of the technical means
necessary for the training and teaching process and the technical use of the methods.

Method competence is the ability as an instructor to obtain information, structure it, prepare it for the
learning process and present it in an appropriate form. This includes learning and teaching skills, planning
and organizational skills, media literacy, teaching and learning methods, moderation methods, methods of
learning transfer and evaluation, as well as decision-making skills and general thinking.

The willingness and ability to grasp and understand social relationships and interests, and to engage and
communicate responsibly with others, includes social competence. Social competence includes features as
empathy, communication skills, teamwork and cooperation ability, conflict ability, helpfulness, ability to
contact, tolerance, etc.

Personal competence refers to the willingness and ability to reflect on one's own behavior and
development and to further develop it in connection with individual and social values. This includes, for
example, independence, critique, self-confidence, reliability, sovereignty and personal authority,
responsibility and obligation awareness, etc.

In addition to these competencies, foreign language competence is becoming increasingly important in
the course of internationalization and in the context of migration.

Across countries are the ideas about what makes a good trainer professionally and pedagogically human —
at least on the part of the trainees — in huge parts in line with the idea of an European certificate for
Forestry Trainers.

2.2 How to get an idea of the Competence Standard - Proceeding

At the beginning of 2018 the KWF e. V. carried out about 45 pre-surveys with apprentices to the forestry
profession at two forestry education centers, in Weilburg and in Hachenburg. After the evaluation of the
personal surveys in the context of the pre-surveys, a questionnaire was developed, translated and
published to the project partners in France, Belgium, Spain, Italy, Finland and Germany. The returning
questionnaires of trainees and instructors in the partner countries confirmed in an impressive way the pre-
results of KWF e.V., that the extra-professional competencies of the trainers are significantly more
important to the learners than generally expected. Based on these results, a competency questionnaire was
developed and sent to the project partners for evaluation, which included an extensive list of individual
technical, social and personal competencies as well as methodological competencies. The results of these
competency assessments were presented at the KWF in the context of the 2nd transnational meeting at the
end of February 2018 and discussed extensively. The result of the discussion ultimately flowed into a
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competency questionnaire on self-assessment for trainers in the forestry industry of the project partners. A
total of almost 60 questionnaires came back, on the basis of which the Forestry Edu Trainer Competence
Standard had to be formulated, including the pre-results.

2.3 Results of the surveys for the Comeptence Standard for Trainers in Forestry

2.3.1 Talent — Trainers‘ Check

A real strength, i.e. real mastery, is achieved by a person whenever three factors come together: talent,
practical experience and knowledge/methods/tools. In the trainers’ check the aspects of professional
competence (How good is someone professionally? How current is the skill?), positive attitude towards
working (including prevention and security skills), willingness to self-responsible further education and
personal development (lifelong learning, personal growth), enthusiasm for the activity as instructor/trainer
(fun at work) and work with trainers and trainees (human friend), self-reflection and self-confidence.
Some more talents that are helpful to deal with difficult groups or situations may also be: self-assurance,
courage, contact and communication skills, sensitivity in perception, flexibility and humor.

The aim of the instructor’s check could, for example, be a common agreement on a common training
mission statement for trainers. At the same time, this common agreement can be used as a control and
evaluation tool for trainers and for the latter also as a reflection tool in the course of training and further
career.

2.3.2  Standard for Technical Competencies in Trainings and VET (Vocational Educational
Training)

Being technical competent as a Trainer in Forestry Trainings and VET means, to know all the relevant
technical methods and tools, to be able and willing to use them without any questions in training contexts
properly and without hesitation.

The technical standard comprises - based on an excellent vocational knowledge - the ability to define
objectives and to identify all the necessary training contents to reach the goals, writing scripts and
curricula for the trainings, controlling the process to ensure the outcome, including time management.
Methods for defining goals and for structuring important training contents and developing scripts have to
be part of the curriculum.

As far as Digital Competence, IT-Skills and Social Media Skills are getting more and more important in
forestry business (just think about digitalization in Forestry 4.0), for presentation, sharing knowledge,
distance learning and for communication and information with groups, they should also be part of the
Train of Trainers (ToT). Finally, it is an important prerequisite for blended learning to be able to use
appropriate IT features.

2.3.3  Standard for Methodical Competencies in Trainings and VET

The standard referring methodical competences should cover four main aspects that include
comprehensive knowledge about methods and tools to be used professionally in trainings on the two
levels of training: factual level and relationship/emotional level.

Flexibility as competence means to know different training methods and tools and to be able to use them
adequately. It is the ability to switch between them and to adapt them to the needs and requirements of the
situation and/or the group if necessary. Acting flexible is more than knowing methods and tools.
Flexibility is the result of constant exercising and their daily application and use.

What do we expect from an excellent trainer and what should be the standard?

He or she has to know how to create an activating learning environment. This is especially interesting
when learning takes place indoor and outdoor. What are the characteristics and features of an inspiring
learning environment? What has to be considered? What different presentation methods exist? When do
we use them? What are the advantages and disadvantages of different presentation methods? How to use
PowerPoint, flipcharts, pin boards for input and presentation? What about the classrooms? Are they
suitable?

Secondly it is important to create a group atmosphere where learning is possible and the participants feel
comfortable. A modern, participant orientated planning and leading of the courses ensures the transfer
and that participants and trainees stay motivated. The difference between the factual level and the
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relationship level is well known as well as how to handle those two levels at the same time. The standard
for the factual level comprises different methods of individual work and group work, modern and proven
seminar components and sequences. The trainers’ toolbox is filled with exercises such as role games,
tower of power and others, energizers, storytelling, visualization tools, evaluation and creativity methods
and also some coaching tools to enable and support self-regulated learning. The exact methods and tools
have to be specified in the next step of the project. This also includes the professional use of evaluation
methods and assessments.

Guiding both levels, but especially the relationship level requires some psychological knowledge about
motivation and motivation to learn, learning itself, 4+1 stages of learning and learning curves, group
dynamics, leadership, needs and behavior, perception and interpretation as well as different types of
personality, conflicts and the connection between the use of methods on the factual level and the impact
on the emotional level. Of course the psychological knowledge is very much tight to social and personal
competence.

The link between all is the ability to communicate professionally. The competence is to be able to react in
an adequate manner in all situations: self-leading and with the group. This means that a trainer has to use
communication tools such as constructive feedback, questions, active listening and also methods (in line
with NLP e.g.) to handle critical situations and cope with conflicts.

2.3.4  Standard for Social Competencies in Trainings and VET

Social and personal competencies can’t be divided by 100%. There are many overlappings. Both need a
fundamental willingness for lifelong learning to develop ones personality and for personal growth.

As mentioned before, social competence includes interest in human beings, empathy, skills in
communication, cooperation, solving conflicts and teambuilding/teamwork as well as helpfulness,
acceptance/tolerance, contact ability and group dynamics. It is also helpful to train how to deal with
different personality types. Models like DISC Profile, Herrmann Brain Dominance Instrument® (HBDI),
Meyrs-Briggs Type Indicator (MBTI), Theme-Centered Interaction (TCI), Neuro Linguistic Programming
(NLP) or Transactional Analysis (TA) are very helpful and useful. In short all characteristics that support
us when we work together with others to reach a specific goal and help us to understand each other better.
The development or let us say evolution of social competences is based on the psychological knowledge
evolving from the methodical competencies. Besides the theoretical input, methods have to be used, that
support to incorporate the theoretical knowledge by the way that it becomes social behavior. Those
methods can be study cases, role games and psychological exercises, exercises to train conversation skills
but also self-reflecting exercises (which will lead to personal competencies) and feedback for e.g. by
evaluating video takes.

2.3.5 Standard for Personal Competencies in Trainings and VET

Coming to the personal competencies we now talk about excellent and high end EDU Trainers. Modern
neuroscience proves that we learn at our best when our teachers are good trainers and facilitators. The
most important aspect to influence the motivation of participants to learn and to transfer the new
knowledge into practical work is covered by the personality of the trainer and his or her ability to go into
the needs of the group or the individual participant. At least it is not a question of methods and technics.
Training success is a question of how trainers and trainees fit to each other: Does the trainer ‘love’ what
he or she does and does he or she ‘love’ the participants.

The following aspects should be standard when we talk about trainers’ competencies in the forestry
business: Depending on the situation trainers should either be problem orientated or solution focused. The
way to success and the wheel of success, the comfort zone model, self-responsibility for e.g. should be
discussed. A non-judging and non-dominating inner attitude that ensures to interact appreciatively and
respectfully on eye level have a much bigger influence on the success of trainings than the tools that are
used. Concepts like the ‘house of being’ or the ‘triangle of disempowerment’ are part of the basics for
trainers. They should be aware that the content never should dominate the process of the training (process
orientated). And finally, the capacity to act should include the ability to reflect his or her part in the
success or failure as well a healthy manner of self-assurance, composure and natural authority (what does
not mean authoritarian or bossy).
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2.3.6  Resumee of the Competence Standard

Training and further education in forestry business is more than teaching. The professional trainers’
capacity to act is composed of high expertise in forestry skills, technical and methodical competencies,
social competencies and personal competencies that are overlapping in several aspects. To be capable of
acting trainers in forestry businesses have to combine all competencies. This requires a change in the
mindset of the former educational practice by the way that so called soft skills are becoming more
important than they used to be. Regarding the further curricula we now had to choose the matching
methods and tools for the trainers’ trainings and we had to make a decision which learning contents and
methods are suitable for the e-learning platform und which contents are more likely to be taught in
classroom trainings or workshops.

[ Personal Competence ]
Expertise & Technical Basic
Competence Competencies Methodical Competence

a, ¥ )

Social Competence

\ S

Figure 1: Competencies for Trainers in Forestry

3. The Training Standard

3.1 Choosing the Modules and Contents

The training standard as a cluster was built out of the Competence Standard and describes the individual
modules by a template following the 4Mat." The training material was later derived out of the training
standard and was presented as an Online Blended Learning Course for trainers in forestry in the first
experimental training.

As a result of the 3rd Transnational Meeting of the
Forestry Edu Trainer Partners in Jyviskyld and
Jamsi, Finland, the following modules for a basic
training course were highlighted:

e Module 1 ‘Communication Basics for Trainers in
Forestry’

e Module 2 ‘Safety Culture in Forestry Work’

e Module 3 ‘Methods & Tools for Trainings’

e Module 4 ‘Attitude & personality of a successful
trainer’

e Module 5 ‘Psychological Basics & Group Dynamics’ Figure 2: The 4MAT Model to describe the

e Module 6 ‘Facilitation & Presentation in training’ modules and their contents

e Module 7 ‘Digital Competence & Networking’

e Module 8 ‘Evaluation, Monitoring & Feedback®

! Bildquelle: https://4mat4learning.com.au/what-is-4mat/
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31

Description of a Module with 4MAT — Module 2 as an Example

Name of the Module

Symbols (Examples)

Module 2 - ,Safety Culture in Forestry Work’

Wen

Learning objectives
(Why)

Over 90% of occupational accidents are behavioral. Much has been
done in the past, especially in technical and organizational terms, to
reduce the number and severity of accidents at work.? But safety in
forestry is at a point, where the numbers of accidents will not be
reduced any further by still focusing on the technical and
organizational aspects of forestry work. We have to realize that
psychological factors are the determining factors to increase a culture
of prevention. Therefore, an important starting point today is to deal
with (changes in) attitude and behavior towards risk acceptance and
insecure behavior among trainers and trainees in order to achieve
further improvements in the culture of prevention.

Having finished Module 2 the trainer knows what differs a culture of
prevention from technical work safety. He is given an overview of the
main fields of action of work security and health in forestry work. The
trainer knows what a culture of prevention is about and what he/she
can actively do to increase his/hers and the trainees’ awareness of the
importance of a safe behavior in forestry work and to improve their
motivation to work safely as well as using the right tools properly.
Module 2 refers to manual logging, mechanized logging and skidding.

Sub objectives and

1. Culture of prevention: What is it about?

Contents (What) Self-assessment on culture of prevention

3. The proSILWA-process to analyze and increase a culture of
prevention

4. Recap of contents in Modules 1 to § that are important for Module
2

5. Developing personality — Authentic behavior as a trainer

6. How to use DISC in practical work: Analyzing the trainees’ risk
acceptance, their strengths and weaknesses

7. Salutogenetic approach vs. Deficit orientation

8. The logic levels of Change by DILTS

Methods used (How) Theoretical input, Examples, Exercises, Test, Face to Face workshop,

Video, Skype Coaching

Transfer and practical

Trainers are important role models. Their authenticity and attitude

work (What else/What | towards a culture of prevention in vocational training and further
if) education in forestry have the most significant impact on trainees’
future behavior. Increasing the trainers’ competencies on prevention
and safety at work as far as their ability to teach this to their trainees
will decrease the number of accidents in forestry work.
Related to Module 1, Module 3, Module 4

Figure 3: Description of a Module with 4AMAT

2. . . . .
This means that not only the technical skills and the manner how work processes and procedures are carried out have an influence
on the number of accidents. It is mainly the inner attitude and motivation towards a safe behavior. The technical skills and their
training are not part of this course for trainers.
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3.2 Description of Sub Objective 3 in Module 2 - Example

Name of the Sub Objective

M2 S03 - BASIC
The proSILWA process: analyze and increase a culture of
prevention

Symbol

Learning objectives (Why)

Coaches have a great impact on the safe behavior of their trainees
through their roles as a role model. In order to be able to influence
the prevention culture around their trainees, they need background
knowledge that they pass on to their trainees. For example, which
factors influence culture, how they are analyzed and how change
processes can be initiated at all. With the proSILWA process,
trainers will learn about a new process for implementing
individual and demand-oriented measures for health prevention in
forestry operations and forestry companies in accordance with
work and situation requirements. The goal is the development of
an effective prevention culture.

Contents (What) e M2SOI1 as Recap

e  Capture prevention culture

e Reflect prevention culture

e Plan prevention culture

e Design a prevention culture
Methods used (How) Theoretical input, Examples, Exercises, Video, Skype Coaching
Transfer and practical work Safety at work, health in forestry work, culture of prevention
(What else/What if)
Related to M1, M2SO1

Figure 4: Description of a Sub Objective based on 4MAT

4. Deriving the Training Material from the Description on the Content

The next step towards a blended learning course on the Moodle Platform was to create the detailed
training material based on the descriptions of the modules in the training standard. Training material
means: How to formulate in a participant orientated manner the ideas written down in the training
standard in a way that it was understandable for the target group. This training material was later then
transformed onto the Moodle Platform. The following figures will give an idea how the training material

was created.

% Boos 8

" Factual mematon, |

e Figure 5:

Training material —

Examples (Picture left
based on Schulz von
Thun)
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5. The Online Course on Moodle Platform and the first Experimental Pilot Training in Germany

After the elaboration of the Competence and the Training standards, the partnership has therefore
developed the training course that is available on Moodle platform through blended learning to become a
certified Forestry Trainer.

In order to test the course and the Moodle platform, the partnership has developed a short training course
for experienced forestry trainers, who have tested the resources of the first Module of the training course
(Communication Basics for Trainers in Forestry) and who have been prepared to understand the issues at
stake behind the topics of this course, in order to train in the future other less experienced forestry
trainers. Why did we choose Module 1? It was because communication is the link between all the
Modules of the course and is the most important tool you have as a trainer to guide trainings successfully.
The 11 trainers, who have participated to this 1st experimental training, are the 1st “Edu Trainers” who
will initiate the process of “train the trainer” of this project and came from five different European
countries.

First experimental training of the project Forestry EduTrainer, Germany 01.07. - 05.07.2019 In the following you W]ll ﬁnd some
impressions of the training. It was a so
called Blended Learning Training which
means that the online resp. e-learning
course available on Moodle was
completed by additional and specifically
chosen face to face exercises and
practical input on communication given
by experienced communication trainers.

Figure 6: Starting page of the Moodle Course The feedback of the participants was
absolutely positive.

Modul 1. Communcation Basics for Trainers in Forstry
Your trainer in Module 1
Dr. Andrea Teutenberg

http://andrea.teutenberg@kwf-cnline.de
Tel +43 171 7633972

Start
Modul 1 - S01 - How te evaluate yourself as a trainer a starting line
& Modul 1 - 501 - Exercise 1

& Modul 1 - 501 - Exercise 2
7

Figure 7: Entrance to the Course — with typo

| o boxe MO 1

C r!s 1/0-“'\4{1 fiow bagics,

\

Figure 9: Visualization Figure 10: Exercise ‘Asking questions’
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What comes next? Now the Modules 2 to 8 will also be transfered onto the e-learning platform. First in
English and additionally in the languages of the project partners: Dutch, German, French, Finish, Italian
and Spanish. The Edu Trainers who took part in the Experimental Training will have to finish the whole
course until the end of March 2020. And they themselves will then give the course to other, less
experienced trainers in forestry in their country until summer 2020. The goal is to have well trained and
qualified trainers in Forestry in many European countries with very good knowledge in methods and
technics and with high social and personal competence.

6. Resumee

The feedback from the participants in the first Experimental Training on Module 1 'Communication
basics for trainers in forestry' confirmed the project team at all levels in the selection of competences,
modules and content. A survey was first used to formulate the Competence Standard, from which the
specific training standard was derived. An essential step followed with the design of the detailed training
content and training methods. A challenge was and still is the transfer of the training material to the
Moodle Platform. Reason is the fact that with this transfer additional e-learning tools are used and these
in turn require a specific adaptation of the training content. This becomes clear, e.g. in module 1 in the
video sequences produced especially for this module by the Italian project partners.

The combination of e-learning shares and presence elements has also proved its worth, especially with
regard to content that relates to personal and social skills and should therefore be conveyed in an
experience-oriented way. A great hope, which lies in the conception of this blended learning course, is to
influence the willingness of the trainees to behave safely while working in the forest and thereby reduce
the number of accidents through a stronger awareness of being role model as a trainer.
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Abstract: The main tool used in a forest cleaning is a billhook, a hand tool consisting of a hold and a
hooked blade sharpened on both sides. Forest cleaning is physically very tiring and takes place under
difficult working conditions (high temperature and humidity, dense vegetation, insects). Moreover, working
with billhook is exclusively manual work and its effects on health are mostly unknown. A novelty in Croatia,
regarding motor - manual forest cleaning, are battery shears, a more ergonomic and humane approach to
forest cleaning. For the purpose of the ergonomic comparison of the two types of forest cleaning methods,
a top technology was used — Xsens MVN. Xsens technology consists of sophisticated hardware and software
for human movement analysis. It is a full-body human measurement system based on inertial sensors,
biomechanical models, and sensor fusion algorithms. The aim of this paper is to present a new and modern
method of movement analysis in ongoing research of two mentioned forest cleaning methods, to show
challenges of field measurements, and to assume possible application in forestry regarding ergonomic
measurements.

Keywords: movement analysis, forest cleaning, billhook, battery shears

1. Introduction

Forest cleaning is a silvicultural procedure within forest tending in which a negative silvicultural selection
is made. In traditional and modern forest management it is a necessary step to ensure healthy and high-
quality stands. Being a pre harvesting procedure with virtually no direct financial benefits it didn’t get the
same “progression treatment” as other harvesting procedures. While the harvesting methods used in
thinning, regenerative, and selection felling benefited from technological advancement, methods and tools
used in forest cleaning, besides gasoline-powered chainsaws, haven’t changed at all. Tools like billhook,
machete, and sickle that were used centuries ago are still in use today. Forest cleaning is carried out with a
manual method of work, with the exception of a motor-manual method using a gasoline-powered chainsaw
in older stands. This kind of work is mostly carried out in the vegetation period and that means extremely
hard working conditions regarding high temperatures and humidity, dense vegetation, insects, etc. The
combination of hard-working conditions and sharp manual tools result in a very high risk of physical
injuries. Moreover, the facts point to the significant strains on the worker’s body when working with a
billhook. The observed movement is very repetitive, and our preliminary studies record over 6000 billhook
swings per working day, within 4 hours of effective working time. As an alternative to hand tools in forest
cleaning activities, intensive research had been done in Croatian forestry on the application of battery
shears. It is assumed that substituting manual method with the motor-manual method can have a positive
impact on worker’s health. Nutto et al. (2013) researched the effect of different types of tools, including a
hand saw, pruning shears and battery shears, in eucalyptus pruning on the physical workload of the worker
and concluded that working with battery shears result with the least physical workload. Baci¢ et al. (2018)
also recorded lower average and maximum heart rates during forest cleaning with battery shears in

65


mailto:mbacic1@sumfak.hr
mailto:mlandekic@sumfak.hr
mailto:msusnjar@sumfak.hr
mailto:msporcic@sumfak.hr

comparison to manual method with a billhook. Regarding ergonomic studies. aside from measuring
physical workload, postural load and recording number and type of injuries, kinetic and motion capture
measurements in forestry are not very common. Nowadays, with the help of the new technologies, it is
possible to capture, record and analyze every movement. Every movement, especially the repetitive one
can have a negative impact on worker’s wellbeing and that is a great “unexplored territory” with a lot of
pending questions. The focus of this paper is to present a new method of movement analysis in forest
cleaning when using manual (billhook) and motor-manual (battery shears) method. For that purpose, a
special suit with integrated IMU sensors was used. This kind of technology was used in sports (Lintmeijer
et al., 2018,) and medicine (Held et al., 2018, Longo et al., 2018, Karatsidis et al. 2019). It is assumed that
observed values for upper limb angles and kinematics, trunk torsion and body center of mass will
significantly differ between two forest cleaning methods.

2. Materials and methods

2.1 Research area

The research was conducted in 10 years old state forest managed by Forest Administration Zagreb, Forest
Office Popovaca, management unit Popovacke prigorske Sume, section 16a (Figure 1). Main tree species
were sessile oak (Quercus petraea (Matt.) Liebl.), common hornbeam (Carpinus betulus L.) and common
beech (Fagus sylvatica L.). Due to technical limitations, all measurements were conducted on the edge part
of the stand, in close vicinity of the road.

)

Figure 1. Section 16a — measuring site

2.2 Research objects

The worker was a 50 years old male with a body mass of 105 kg and height of 186 cm (Figure 2). At the
time of research, the worker had 20 years of working experience in forestry. The worker was dressed in
Xsens lycra suit with integrated IMU sensors and standard issued protective clothes.

Ya ¥, N F Al
Figure 2. Worker wearing measuring suit
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For manual forest cleaning method worker was using standard issued billhook with a mass of 1,5 kg and a
length of 1,15 m. For motor-manual method, Stihl ASA 85 battery shears with a mass of 0,98 kg and AP
300 backpack battery with a mass of 1,7 kg was used (Figure 3).

Figure 3. Tools used in forest cleaning

2.3 Research instruments and methods

Kinematic data were recorded using Xsens full-body motion capture suit with 17 IMU sensors (Figure 4).
It is a full-body human measurement system based on inertial sensors, biomechanical models and sensor
fusion algorithms. Each IMU consists of a 3D accelerometer, a 3D magnetometer, and 3D gyroscope (Xsens
Technologies, Enschede, Netherlands).
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Figure 4. Positions of IMU sensors on human body
Measured data is to be analyzed in MVN Analyze software capable of real-time 3D animations, graphs and
data streaming. Possible 3D data outputs are joint angles, segment kinematics, segment global positions,

the body center of mass and sensor data. Since measuring setup required a steady 220 V power supply, a 1
kW generator was used to power laptop and receiver (Figure 5).
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Figure 5. Equipment setup and power source

Before measuring procedure, an obligatory calibration was conducted to “pair” the suit and the worker. The
selected worker was instructed to perform forest cleaning using two mentioned methods, around 15 min of
each method. Selected trees were marked beforehand. Since the IMU sensors are constantly sending data
via the receiver to the laptop, a model of a worker model could be observed in real-time (Figure 6). Because
of the dense vegetation which was interfering the communication between the receiver and IMU sensors
(worker/suit), the measurement was limited to the edge part of the stand which was closer to receiver and

power supply.
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It was also observed that the electric power supplied by gasoline generator was not steady enough to
properly power laptop and receiver. A 12 V battery with a power inverter would be a better solution.

3. The potential of new technology

Since the data of this research is still in the processing phase, this chapter will be focused on elaborating
the potential and validity of the use of the new technology. The essence of the problem is repetitive
movement (over 6000 a day) and their effect on the human body. To analyze and valorize a movement of
the whole body or a specific body segment, a motion capture technology is needed. In forest cleaning,
characteristic movement patterns can be observed. When using a manual method (billhook), a worker is
mostly using his upper body. The billhook is an almost exclusively single-handed tool with the exception
of two-handed wielding when facing bigger trees. An example of characteristic movements is given on
right-handed worker. After approaching the subject tree (or trees), the worker is using his left arm to bend
the tree for easier cutting and removal of cut down material. During the movement, his left arm is sometimes
fully extended and at an angle of more or less 90° to his trunk (Figure 7).

Figure 7. Position of the left arm (billhook)

His right arm is simultaneously used to swing a billhook toward the base of the tree. During the swing, his
right arm is extending until billhook hits the tree (rarely fully extended). The worker is in a slightly bent
position (Figure 8). The kinematics of the body segments used in the swinging motion is the core of the
problem since that motion is the repetitive one.

arm (billhook)

When using battery shears, worker’s left arm is basically doing the same work as with using billhook. The
difference is in the right arm where there are no more big swings but only “lock and squeeze” action as
with any shears, with exception of these being powered by an electric motor and require minimal force to
operate the switch. Since the cutting part of the shears is close to the hand, unlike the billhook blade which
is extended with a wooden handle, the worker is in a more bent position (Figure 9).
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Figure 9. Position of both rms (battery shears)

Joint angles (shoulder, elbow, and wrist), upper body angle and right arm kinematics such as velocity and
acceleration obtained through motion capture technology would be very beneficial in describing and
valorizing the effects of each forest cleaning method on the human body. Since the observed movement is
very repetitive and motion capturing logging frequency is high, by using this new technology in real
working conditions a great quantity of usable data can be obtained for a very short period of time.
Furthermore, previous motion capture technologies were developed for indoor use which is not appropriate
for outdoor forestry application, but this technology, with a few limitations like weak reception in dense
vegetation, can deliver on that task.

4. Conclusion

Because of its practicality, different data outputs, precision, and the possibility of outdoor use, this
technology has a great potential in forestry-related ergonomic measurements. Basically, any type of outdoor
forestry work can be recorded, analyzed and improved. Especially the part of forestry works that haven’t
changed in terms of tools and methods. As a result, guidelines can be given for new work methods or even
tool designs in order to preserve the health and safety of forestry workers. Noticed limitations like weak
reception can be avoided if the data is logged directly on-site (memory integrated into the suit itself) and
the only real limitation of this technology is the financial cost of the measuring equipment.
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Abstract: In Italy, as in many European countries, coppice forests is widely distributed among small-
scale forest ownership and farm forestry from hill to the mountain. In rural areas, farm forestry are
widely recognized for increasing and diversifying farm productivity while releasing pressure on existing
forests. As a consequence, agroforestry or farm forestry represents an important resource that offers
alternative and more sustainable modes of land exploitation in area not completely forestry but is
tipically poorly developed with a low mechanization level. Most of these coppice stands are normally
managed by the same self-employed owners and the motor manual felling wood harvesting is the unique
process used in the area. Felling is done by chainsaw to guarantee that the stump is cut near the ground
level and that no fibers are pulled out. Use of chainsaws presents a risk to workers safety and health. In
addition to the highest accident rate in professional and non-professional work, the main problems are
exposure to environmental hazards, wood dust and in particular noise and hand-arm vibration. The
activity of these operators is irregular and not constant over the years. Consequently, the used chainsaws
are aged with the following larger exposure to vibration and noise. As a consequence, the present work
collected a set of nine chainsaws currently used by a sample of self-employed forest owners in the Sila
area in Calabria (Southern Italy). The aims of the work were to analyse by a controlled test (same wood
type, moisture content and diameter, the same operator) the hand-arm vibrations and the noise to which
self-employed forest owners are subjected with the use of these chainsaws.
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Abstract: The spikes of feeding rollers of harvesting head causes damage to the logs on the lateral surface
of the processed assortment. The severity of the damage may be mostly influenced by the friction between
rollers and logs and the effective contact area between feeding rollers and logs is too small. The objective
of the study was to investigate a kind of variable stiffness feeding rollers to enlarge the contact area, which
may reduce the damage depth. The feeding rollers is structured with multiple V-winged Negative Poisson's
ratio (NPR) honeycomb. For analyzing the characteristics of honeycomb in the Y-direction, the plane
elastic constants model and the solid models with different structural parameters were established. Then,

the results show that Ey, the equivalent modulus of elasticity about the honeycomb of feeding rollers,

increases with the thickness of honeycomb walls, and decreases with the upper angle and half width of
honeycomb. While, the Poisson ratio vxy, decreases with the lower angle and upper angle of honeycomb.

A test was made according to the density of spikes about the roller of LAKO 43HD harvesting head, which

shows a 2-layer NPR honeycomb structured feeding roller, under an average pressure like the weight of an
Eucalyptus, the compression varies between 10% and 30% to the original feeding rollers.

Keywords: Feeding rollers; V-winged NPR honeycomb; Forest engineering; In-plane elastic constants.

1. Introduction

The feeding rollers in the head of the harvester is the key component that converts the hydraulic energy of
the chassis into driving the action of logs in the head. The rigid teeth attached to the outer ring of the feeding
rollers are used to provide the driving force inside the head for logs. However, in the process of operation,
the steel teeth on the surface of the feeding rollers will cause some damage to the cuticle and wood fibers,
which will affect the utilization value of the log. Therefore, the steel teeth of the feeding rollers on the head
of the tree harvesting operation will cause damage to the wood fibers of the log itself, which needs to be
solved urgently.

% %

Fig. 1 Damage to logs caused by spikes of feeding rollers
In order to evaluate the damage caused by spikes, six kinds of feeding rollers with different tooth shapes
were used to measure the damage depth of felling logs, it is found that the traditional rollers with spikes
were most effective in processing and fuel consumption, but at the same time they caused the deepest
damages to the saw logs. The roller type with adaptable steel plates was the most effective for small stems,

First author: E-mail address: 523864435@qg.com (Wang Dong).
*Corresponding author: E-mail address: wangdian@bjfu.edu.cn (Wang Dian) .
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additionally it also caused the least damage to the saw logs!!l. The damage to logs caused by feeding rollers
with different wear degrees were studies, It is pointed out that improvement in the maintenance of delimbing
knives can reduce the reject rates of industrial round-wood by 5%, timely restoration of worn-out rollers
can increase productivity by 2% and reduce fuel consumption by 5%!?. The influence of two mechanized
debarking treatments in eucalypts (three feed roller passes and five feed roller passes along the stem surface)
with feed-roller-induced log surface damage on pulp value recovery was investigated, which concluded
that logs subject to manual debarking produced significantly less undesired sized chips than both three-pass
and five-pass mechanically debarked logs and therefore had significantly greater pulp value recoveryl.
However, the above analysis has not studied the situation of the feeding rollers itself, and it also has not
considered the improvement of the structure of the feeding rollers. Therefore, a flexible feeding rollers
based on NPR structure was proposed to solve this problem.

Auxetic materials, also known as NPR material, expands laterally when it is subjected to uniaxial tension,
which makes the compression area locally dense. Compared with the traditional positive Poisson's ratio
material, this unique mechanical property, such as shear resistance, indentation resistance and impact
resistance, has attracted wide attention*'!l. Based on the characteristics of concave mechanism, different
shapes of NPR honeycomb structures were proposed, and their mechanical properties and energy absorption
mechanisms at different impact velocities, densities and structural parameters were systematically studied
by many mechanical analysis methods!'>!°l. There are also many studies on the application of negative
Poisson's ratio structures in engineering!2%-24],

So, a new V-winged Negative Poisson's ratio(NPR) honeycomb structure for feeding rollers was designed,
as shown in Fig. 2. The spikes are fixed on the wings of the honeycomb, the skin-outer cover of the structure
is flexible and tough. Compared with the steel feeding rollers, according to the pressure force between logs
and the feeding rollers, the cells of the NPR honeycomb will be reshaped. Then, the number of spikes could
be increased and the pressure of unit area could also be decreased while the relative contact area was
enlarged. As a result of that, the damages may be reduced.

wing

' wall

Fig. 2 The logging process for feeding rollers structured with V-winged NPR honeycomb
The mechanical properties of the single cell of feeding rollers structured with V- winged NPR honeycomb
were evaluated. Firstly, the plane elastic constants model in the Y-direction and the solid models with
different structural parameters were established. Secondly, FEM was used to simulate the honeycomb
subjected to vertical loads. The effects of various parameters on the in-plane elastic constants under
different topological densities were studied. Finally, according to the density of spikes about the roller of
LAKO 43HD harvesting head, a tested was made to verify the theoretical calculation results and finite
element simulation results, it is determined that when the topological density is A, # is 4 mm and 5 mm, 6,

is 70° and 75°, [ is 29 mm and 31 mm, the compression of the feeding rollers with honeycomb varies
between 10% and 30% to the original feeding rollers.

2. Methods and materials

2.1 The Y-direction mechanical characteristics of V-winged NPR honeycomb
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As shown in Fig. 3, the cell of the V-winged NPR honeycomb is structured with 2 arrows, and 2 associated
wings on the joint point. In the Y-direction, the honeycomb structure has a negative Poisson's ratio effect.
By analyzing the deformation characteristics of V-winged NPR honeycomb before and after Y-direction
loading, a theoretical model of in-plane elastic constants in Y-direction is derived based on displacement
method.
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Fig. 3 The parameters of the cell of the V-winged NPR honeycomb
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E,—Flastic modulus of honeycomb structural materials.

2.2 Finite element modelling

The entity models of honeycomb with different topological densities were established for simulation in Fig.
4. In order to minimize the influence of boundary conditions, only the displacement and deformation
parameters 4, and 4, of the single cell in the center of the honeycomb were extracted (Saint Venant's
principle).

The photosensitive resin was used as the material of the honeycomb. The modulus of elasticity of which is
2370MPa, and Poisson's ratio is 0.41. The boundary condition is: F = 0, and a vertical downward load F,
is applied on the plate, named AB. And terminals, named C;-Cs, are fixed constraints.

.~
Y X

Fig. 4 Finite element simulation and boundary conditions
Based on the parameters range of size of the feeding rollers of LAKO 43HD harvesting head. As shown in
Fig. 5, three different topological densities were defined correspond to different filling layers of feeding
rollers structured with V-winged NPR honeycomb. In order to facilitate the subsequent analysis and
comparison of the calculated results, dimensionless parameters A were introduced here: A=I/h, , that is to
say, A~ A and A3 represent the ratio of cell half width / to 4 under three topological densities respectively.
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Fig. 5 Three different topological densities of feeding rollers structured with V-winged NPR honeycomb

3. Results and discussion

3.1 Geometric parameter—In plane elastic constant curve

The comparisons of equivalent elastic modulus E, and Poisson’s ratios vy, between analytical results and
FEM results with variation values of ¢ and 6, when the honeycomb is compressed in y direction are
presented in Fig. 6 and Fig..

As shown in Fig.6, the equivalent modulus of elasticity E, varies slight when the ¢ is constant and 6,

increases from 60° to 80°, so angle 6, has a little effect on the E,, while the cell thickness ¢ has great

influence on the E), and at any topological density, E, increases with the cell thickness ¢ and increases
rapidly. the analytical results of E, is slightly larger than that of FEM results with A, the analytical results
is in good agreement with the FEM results with A, and 23 . While the topological density is A3, the holes of
cells becomes smaller when 6, is small, and the honeycomb structure tends to be solid, so, only the in-plane
elastic constants of honeycomb with smaller cell thickness were studied when 6, is small.

As shown in Fig.7, the Poisson's ratio vy, is only affected by the cell angle 8, and ;. The absolute value of
vy, decreases with the 6 and 6, the analytical results of Poisson's ratio vy, agree well with FEM results at
large 6, regardless of the topological density. When the angle 6, is small, the error between the analytical
results and the FEM results of vy, will increase with the cell thickness ¢, because the theoretical analysis
was based on Euler beam theory, and did not take into account the shear deformation, tensile deformation
of solid honeycomb wall and the change of angle between honeycomb walls, when the wall thickness of
honeycomb structure is larger, the shear deformation, tension and compression deformation of honeycomb
wall and the change of angle between honeycomb walls account for a larger proportion of the total
deformation of honeycomb.
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Fig. 6 The influence of geometric parameters on Ey under different topological densities
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Fig. 7 The influence of geometric parameters on vy, under different topological densities

3.2 Discussion

For this NPR multicellular structure, the influence of geometric nonlinearity on mechanical properties
becomes larger with the strain ratio, under large deformation, the angle between cell walls will change and
the shape tends to shrink inward, which increases the relative density of the structure. As shown in Fig. 8
and 9, in actual working conditions, when the cell deformation is large, the angle between the long wall
and the short wall becomes smaller with the strain, the thicker the cell wall, the easier interference will
occur, and the cell structure tends to be solid structure. Therefore, in consideration of the premature
phenomenon of rigid interval of cell structure when the topological density is A; and A3, the topological
density of V-winged NPR honeycomb structure for feeding rollers was preliminarily selected as A;.

Fig. 9 Large deformation diagram of honeycomb long wall and short wall with topological density of A3

As shown in Fig. 10, the relationship between the cell half-width / and the plane elastic constants when the

topological density is A,. The parameters of the solid model are =5mm, ;=30 °, 6,=75 °, and / takes five

groups of values evenly between 23-31mm. The results shows that, E, decreases with the width / and
decreases more slowly, while Poisson's ratio is not affected by cell half-width /.

78



60 0.0
[~ Theoretical calculation of Elastic modulus
~@- Finite clement simulation of Elastic modulus|  —0. 1
—A~ Theoretical calculation of Poisson's ratio
W Finite clement sil ion of Poisson's ratio | 4 —0. 2

o
I=]
T

=
S
T

E, (MPa)
8

)
S
T

o
T

0 . . . . 1o
22 24 26 28 30 32
! (mm)

Fig. 10 The influence of cell half-width / on in-plane elastic constants with topological density of A2

3.3 Test

According to the density of spikes about the roller of LAKO 43HD harvesting head and the in-plane elastic
constant contract curves, the vertical static pressure of the feeding rollers under an average pressure like
the weight of an Eucalyptus was simulated, as shown in Fig. 11. When the topological density is A, ¢ is 4
mm and 5 mm, 6, is70° and 75°, [ is 29 mm and 31 mm, the compression of the feeding rollers with V-
winged NPR honeycomb structure under these parameters varies between 10% and 30% to the original
feeding rollers, thus, the number of spikes contacted by the feeding rollers and the logs can be increased by
3-5 rows, which may effectively reduce the damage of the feeding rollers to the logs. Therefore, six groups
of specimens were made for test verification. The specimens material is photosensitive resin with elastic

modulus of 2370 MPa — 2650 MPa and Poisson's ratio of 0.41.

Fig. 11 The deformation of feeding rollers under an average pressure like the weight of an Eucalyptus

During the experiment, the compression speed of the test bench was set to 2.5 mm/min and the compression

volume was 10 mm, as shown in Fig. 12. the comparison between analytical results, FEM results and test
results of the elastic constants as shown in Table 1 and Table 2.

Fig. 12 The compression experiment of V-winged NPR structure in the Y-direction
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Tab.1 Analytical results. FEM results and test results of E,

Structural Analytical results FEM results Test results

parameters (MPa) (MPa) (MPa)
t=4mm 12. 634 10. 593 9. 428
t=5mm 24.676 22.657 17. 828
6=70° 25.972 23.742 21.118
/=31mm 19. 926 18.182 16. 729

Tab.2 Analytical results. FEM results and test results of vy,

Structural parameters Analytical results FEM results Test results
t=4mm -0. 464 -0. 467 -0. 493
t=5mm —0. 464 -0. 455 -0. 484
6:=70° -0.630 -0.618 -0. 736
/=31mm -0. 464 -0. 451 -0. 453

4. Conclusions

In this paper, a new V-winged NPR honeycomb structure suitable for the feeding rollers of harvesting head
was proposed, the rigidity of the feeding rollers can be changed, the contact area between the feeding rollers
and the logs can be enlarged effectively, and the damage to the logs may be reduced. Based on Euler-
Bernoulli beam theory, the theoretical model of in-plane elastic constants in Y direction was established
when the range of structural parameters is suitable for feeding rollers of LAKO 43HD harvesting head. The
accuracy of the theoretical model was verified by finite element simulation and test.

(1) Tt can be summarized that the equivalent elastic modulus E, in Y direction of V-winged NPR
honeycomb structure is greatly influenced by three parameters: cell thickness ¢, cell angle 6, and cell half-
width /, and is relatively less affected by cell angle 8., while Poisson's ratio vy, is only affected by the cell
angle 6 and 6.

(2) When the topological density is A, the thickness ¢ is 4 mm and 5 mm, the 6,is 70° and 75°
and the width / is 29 mm and 31 mm, the compression of the feeding rollers with honeycomb varies between
10% and 30% to the original feeding rollers under these parameters, thus the number of spikes contacted
with the logs can be increased by 3-5 rows, which may reduce the damage to the logs.

(3) The research results have certain guiding significance for choosing parameters when the feeding
rollers adopts V-winged NPR honeycomb structure. Follow-up work will analyze the mechanical properties
of the honeycomb in the X direction, and the overall mechanical properties of the honeycomb after choosing
the optimum parameters. Then the energy absorption of the honeycomb and the mechanical properties of
the whole feeding rollers will be analyzed.
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Abstract: In Europe, the short rotation forestry (SRF) concept has evolved over the past decades. SRF
has transformed from shrub crops designed for producing low-value chips to proper forestry plantations
geared towards the production of a mixture of logs and chips. This new approach has attracted the
interest of the particle-board industry, which, in recent years, has planted considerable areas with the
new crop (>20 000 ha). IKEA, in particular, has developed a new light-weight OSB board made of SRF
poplar wood. In Europe, CTL is the classic solution for producing logs, but SRF poplar plantations
generally offer trees that are small, making it difficult to carry out profitable CTL harvesting, when a
single tree is cut and processed at a time. Mass-handling might be a solution, and CTL may be used in the
multi-stem mode. This is already being done in the thinning of conventional forests, but SRF plantations
are actually clearcuts, which offer different work conditions and open up new opportunities. In
cooperation with IKEA and Ponsse, the authors organized a comparative time-and-motion study aimed at
determining the productivity and the cost of the mechanized CTL harvesting of modern SRF poplar
plantations. The objective of the study was to find out the productivity level and costs of single-stem and
multi-stem harvesting. The work was carried out on eighteen 100-tree plots, randomly assigned to each
treatment: single-stem and multi-stem harvesting. Each plot was characterised using conventional
mensuration methods. An elemental time study was conducted on each plot using hand-held computers,
while all the logs produced were scaled with a tape and caliper. Fuel consumption was obtained from the
harvester’s on-board computer (OBC). The results of the study in terms of productivity, fuel consumption,
value recovery and cost will be presented at the conference.
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Abstract

The effect of harvester operator tree selection or prior tree marking in thinning operations on satisfactory
silvicultural results and performance is discussed frequently in Austria. In operator tree selection, the
machine operator decides on the fly which trees are selected to cut. Prior tree marking requires manual
marking of trees before the operation, whereby different tree marking techniques could be used. The
objective of the study was to analyze the effect of prior tree marking, thinning method and topping diameter
on harvester performance in low-diameter thinning operations.

Overall, 2.36 ha divided into 48 plots with 5,202 trees were thinned with an average diameter at breast
height (dbh) over bark for all plots of between 12.5 and 14.7 cm. In total, 3,122 trees were harvested,
resulting in 60% removal of stem number over all plots. The entire thinning operation was captured using
video cameras and one third of the recorded study plots where analyzed for the time and motion study.
Generalized additive and linear regression modelling was applied to test relationships between the
variables tree marking, thinning method, topping diameter, tree size, time per tree and productivity.

The harvester operator achieved an average productivity of 7.4 £1.5 m3 per productive system hour, with
stem volume having the major influence on harvesting productivity. Prior tree marking, topping and
thinning method did not significantly affect productivity. Without prior tree marking by the foresters,
harvesting removal was shifted toward lower diameters. Within the unmarked plots, 7.0% of the residual
trees were damaged compared with 3.2% in marked plots.

Keywords:
harvester productivity, thinning method, time and motion study, prior tree marking, topping diameter

This work has been submitted to Silva Fennica and is under review currently.
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Almost 1.9 billion solid cubic meters under bark (m?®) of industrial roundwood is harvested each year
worldwide (FAO, 2016). Out of this, 1 billion m* origin from the five largest producers of industrial
roundwood: USA, Russia, China, Canada and Brazil. However, theirs and others ways to harvest and extract
the volumes vary greatly (Heinrich & Arzberger, 2004)(Heinimann, 2004)(Arets et al., 2011)(Hiesl,
2013)(Moskalik et al., 2017). The aim of this study was to compile the annual harvested volume of
industrial roundwood and its distribution on the main harvesting methods in the dominating roundwood
producing countries. The aim was also to assess plausible explaining variables and possible relationships
between those variables and the choice of harvesting method.

The distribution of harvesting methods is estimated for three pre-defined categories:
e  Fully mechanized CTL — Ground based cut-to-length operations where all steps are mechanized.
The category refers to what in Canada is called “CTL at stump”.
e  Fully mechanized FT/TL — Ground based full-tree or tree-length operations where all steps are
mechanized, and the stem is bucked at earliest at roadside.
e  Other — Category for all other operations, such as cable- or air-based, partly mechanized systems
and systems with simple and/or old equipment.

Four different sources of material was used to obtain the state of the art distribution of harvesting methods,
1) peer reviewed papers and reports from research institutes and universities 2) official global statistics
from Food and Agriculture Organization of the UN 3) Manufacturers’ estimates of the world market for
various forest machines and systems 4) other forestry experts” estimates.

Table 1. Continent summary of the harvesting method estimations

Annual harvest Fully mechanized  Fully mechanized
Continent? (M m*)® CTL (%) FT/TL (%) Others (%)
Europe (exc Russia) 355 62% 4% 34%
Russia 198 35% 10% 55%
Asia 34 1% 4% 95%
Africa (South Africa) 14 30% 60% 10%
North America 514 20% 66% 14%
South America 201 42% 24% 34%
Oceania 59 28% 52% 20%
World 1376 37% 33% 30%

a) Including only studied countries
b) Solid under bark

Of all the variables that was tested as explaining factors for the 32 countries’ share of fully mechanized
CTL only 5 variables ended up in the two final regression models (Table 2).
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Table 2. Tested variables that are present in the final models.

Variable Explanation

Diesel price (model 1 & 2) The price of diesel fuel (US$/L)

GDP/capita (model 1) Gross Domestic Product for each country
(US$/capita)

Publically owned land (model 2) Share of the forest land that is publically owned
(%)

Share of steep slope >15° (model 2) Share of the forest land that have a slope > 15°.

Share of steep slope >20° (model 1) Share of the forest land that have a slope > 20°.

Two different regression models were created. One with a high degree of clear and explainable relations
between response and explaining variables and another with slightly less intuitive interpretation but a higher
R? value. According to model 1, a high price of diesel points toward a higher share of CTL, a large share
of steep slope give less CTL and a higher Gross Domestic Product (GDP) increases the CTL share. The
adjusted R? for model 1 is 0.63. According to model 2, a high price of diesel again points toward a higher
share of CTL and a large share of flat land also give more CTL. An interaction term says that the third
variable “Share of forest land that is publically owned” also contribute to explain share of CTL but is
dependent on diesel price. However, at a certain diesel price, an increase in publically owned land have a
negative effect on the share of CTL. The adjusted R? for model 2 is 0.75.

The results imply that the global distribution between CTL and FT/TL methods is quite equal, 37 % CTL
and 33 % FT/TL (Table 1). This differ somewhat from the general notion of the FT/TL method as the
dominating method or group of systems in the world, see for example (Drushka & Konttinen, 1997). The
most important explanation is probably that the distribution of methods in this study is based on the
harvested volume instead of the number of machines sold, FT/TL systems have usually more machines per
harvested m® which distort the comparison in that sense. One main difference between most FT/TL
operations and CTL operations is that the number and size of diesel engines is greater for the FT/TL
operations. Therefore our conclusion is that countries that have low diesel prices will be more likely to
favor FT/TL harvesting. In opposite, countries that have high diesel prices is more likely to be dominated
by CTL operations that usually employs fewer and smaller machines. The share of steep slopes in forest
land is an example of the physical environment that the harvest operation has to consider. The terrain slope
together with terrain roughness, ground bearing capacity and the size of the trees are often determining
factors for possible harvesting systems in a specific area or region.
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Abstract: In Finland, the share of relocation time (incl. waiting of the relocation) from the total working
time of the logging machine is around 3-6 %. As the total mass of logging machines has increased, the
requirements for the relocation trucks to meet sufficient trafficability and operating permits have also
increased. Few decades ago most general low-bed truck in forest machine relocations was based on
3-axle chassis whereas today new trucks are based on 5-axle chassis. As a result, relocation costs have
increased. These expensive vehicles are demanded to utilize with higher degree even more than before.
Discrete-event simulation was used to investigate CTL-logging operation models of interest. Logging site
data, converted from the national forest inventory, was located in North Karelia in Eastern Finland. The
impact of i) the size of the logging fleet, ii) the work shift scheduling of machine relocations, iii) the
investment cost of a relocation truck, iv) the size of available logging site reserve on machine utilization,
work-time division and logging costs were investigated. The logging fleet setups of one low-bed truck and
2 to 8 harvester-forwarder units varied in the simulation scenarios.
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Abstract: Wood chip supply from whole coniferous crowns is an increasingly discussed topic in Bavaria
concerning critical nutrient exports versus biomass supply form regional forests. A research project called
“Nutrient preservation using the technique of roughly delimbed energy roundwood” was launched by the
Bavarian State Institute of Forestry (LWF) in order to answer various questions about this controversy. A
difference between motor-manual and mechanised harvesting in relation to nutrient exports was one aim of
the study. Therefore, the so called “additional delimbing zone” got into focus and was investigated closely
during data analyses. The term “additional delimbing zone” describes the part of the log, which gets delimbed
above the actual bucking diameter for material use due to constructional matters of the harvesting heads
without top-saw units, when bucking the last log for material use. During the project, a detailed biomass
inventory including even step-by-step removals of whole trees by tree-climbers and several further laboratory
measurements were performed. As one result, all required data for computing the mass-effects of additional
delimbing, like tree heights, diameter and height of bucking limit, length of harvesting head overrun and so
called mass sum curves, were available. The sample calculation shows that the additional delimbing of
mechanized harvesting operation leaves 16.5 % more branches, twigs and needles on the site compared to a
motor-manual harvesting method for the same tree.

Keywords: biomass export, harvesting head, additional technical delimbing, forest residues, nutrient
sustainability, nutrient export

1. Introduction

Continuous demand for energy wood makes forest residues still the most important raw material for biomass
supply in Bavarian forestry. Meanwhile, wood chip production from whole coniferous crowns can be part of
the controversy on critical nutrient exports, especially concerning stands on poorer sites.

Therefore, the Bavarian State Institute of Forestry conducted a research project named “Nutrient preservation
using the technique of roughly delimbed energy roundwood” to answer various questions about biomass-
harvesting and nutrient exports. Three logging operations at different spruce-dominated stands with low
nutrient content levels were observed, including an in-depth biomass inventory and work studies [Schulmeyer
etal., 2016]. Two thinnings were operated fully mechanized, whereas one was done motor-manually. The aim
of this particular research question was to quantify the amount of remaining branch-wood at the site and to
compare motor-manual and mechanised harvesting methods focussed on biomass extraction and nutrient
export issues.
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2. Material and Methods
2.1. Additional delimbing zone

The amount of remaining branches and brushwood (twigs and needles) vary from mechanised to motor-
manual harvesting method, because lumberjacks do not cut more branches than necessary, whereas most
harvesting heads cause a so called “technical additional delimbing zone”. This describes a delimbed part of
the stem above the actual bucking diameter for material use (saw logs and pulpwood), because the saw-units
of most harvesting heads are located behind the delimbing knives. The real length of the zone, usually between
1 mto 2.3 m, depends on the dimensions of the harvesting heads (Pic. 1). The additional delimbing zone leads
to two major effects: Since more branches and brushwood can remain on the site, consequently less biomass
for energy utilization is extracted. Leaving a higher amount of crown parts with high nutrient levels on the
site, there is a disproportionate high nutrient-saving effect compared to their mass and volume.

Pic. 1: Additional delimbing zone of a spruce crown at the investigation site “Zusmarshausen”
2.2. Biomass inventory

A detailed biomass-inventory was conducted, including detailed silvicultural data like tree-heights for each
stand. Even distances between every single branch whorl and therefore height information for each whorl
were measured. Datasets also provide detailed information about biomass volumes and element contents for
every crown compartment, as there are branches (diameter 7 cm -1 cm), twigs (diameter less 1 cm) and needles
[Dietz, et al., 2018]. For further information see Dietz et al. (2019) published in these proceedings.

2.3. Sample calculation of the mass-effect caused by additional delimbing for one tree

The following explanations show the calculation of the technical additional delimbing for one tree from the
investigation stand “Zusmarshausen”. See Dietz et al. (2019) for information about calculation various mass
and nutrient effects caused by the chosen logging methods, e.g. additional delimbing during fully mechanized
biomass utilization.

Required Information:
e tree height
e diameter of bucking limit

e  height of bucking limit (=hang)
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e mean diameter at breast height (dbh)
e height of additional harvesting head overrun (= hquq)
e  mass sum curves

For the calculation of the mass-effect of additional delimbing of whole crowns (forest residues) by fully
mechanised felling, the biomass which is cut off additionally by the harvesting knifes has to be removed by
calculation from the stem. At first the proportional height of the bucking limit diameter has to be calculated
(=hang). Then the proportional height of the upper end of the technically additional delimbing zone (= hiua)
must be detected as well. Mass sum curves of branches have to be available for the particular or instead for
comparable stands. The whorl, which is next above the haye diameter’s proportional whorl height, providing
the value “CP ,”, must be looked up therein for that particular tree or a representative group of trees. After
that, the certain relative whorl height which is closest below hug can be discerned from the mass sum chart,
providing the value “CP ,”. Subtracting CPy from CP, yields the proportional mass difference (A CP)
between a motor-manually harvested spruce crown and a mechanized harvested one (see (1)).

ACP=CP,-CPy (1)
where A CP, CP, and CP;, are the delta of compartment-mass, compartment-mass up, and
compartment-mass below

3. Results of exemplary calculation

The calculation will be shown exemplarily for tree number 264 (see Figure 1). At first tree height has to be
known or measured. In that case tree #264 was tape measured 26.9 m, as well as bucking diameter and height
of bucking diameter. The mass of branches at the height of bucking diameter can be taken out of the mass sum
curve figure easily.

The number of whorls which will be delimbed additionally can be calculated using the specification of the
harvesting head. The additional overrun by harvesting head in this case was calculated with a size of 1.5 m.
In that particular stand a Waratah 480C with a length slightly below 1.5 m, was used.

mass sum curve branches
100%
E
Z 80%
]
g 279 258
—
E 60%
[
1
)
N 40% 214 204
X
20%
264 235
0%
0,30 0,50 0,70 0,90
pro rata whorl height
Figure 1: Mass sum curve for branches for the site of Zusmarshausen. A

Blue: %-hang/ %-CPu; Red: %-htada/ %-CPy
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This figure puts the mass sum of branches in relation to the proportional height of each whorl. During the
biomass inventory the height of every whorl was tape measured. Each curve represents one of the trees, which
were removed step-by-step by tree-climbers during biomass inventory, at the investigation-stand
“Zusmarshausen”. All further input values for the calculation of logging losses caused by the additional
delimbing are the actual height of bucking limit, diameter of that height, size of harvesting head and were
available out of the data-set.

For the sample calculation of the mass-effect of additional delimbing, tree #264 was chosen. The initial data
for that example can be seen in Table 1.

Table 1: Input data for mass-calculation approach example tree #264
tree-height 26.9m
bucking limit diameter (bld) 14 cm
height of bucking limit (hahg) 18.0 m
Size of harvesting head (Waratah 480 C) 1.5m
Height of upper end of additional delimbing (hig) | 19.5 m

Table 2: Data gathered from function of mass sum curves for tree #264 of Figure 1

Yo-hang | 67 % | @ | %-CPy | 36.6 %
Yo-hiwd | 73 % | @ | %-CPy | 20.1 %

The sample calculation of the mass-effect caused by additional delimbing was calculated as shown in the
following. The tree height and bucking limit diameter were results of the biomass-inventory. The hiq of
19.5 m is the sum of hayg plus the size of harvesting head. These two heights have to be expressed relatively
to the overall tree-height (see Table 2), then named %-hang and %-hiag.

The mass sum curves of Figure 1 are used to find out the relative sum of biomass per compartment (= CP) for
%-hang (=%-CPy) and %-hwud (=%-CPy). In the case of tree #264 the values are 36.6 % (%-CPy) and 20.1 %
(%-CPp). Then %-CPp, was subtracted from %-CP,. The result of the calculation of ACP is 16.5 %.
Consequently, 16.5 % more branches remain on the site to provide extra biomass for the nutrient circle and
might even lead to a better fuel quality.

4. Discussion and Outlook

The first attempt to quantify logging losses caused by the additional delimbing and its positive effect on
nutrient sustainability is a promising approach. It is now possible to calculate the mass-effect of additional
delimbing because of the harvesting method of biomass from forest residues. The mass-effect of additional
delimbing caused by the mechanised harvesting method on branches is in that case 16.5 %, compared to a
motor-manual forest operation. But this particular case has no general universality. At the moment, the
mass sum curves are only valid for spruce trees or stands with the very similar specifications, which are for
example age, bucking dimensions or mean height.

In the future, generally valid relations between mass sum curves of different stands have to be analysed.
Furthermore, yield tables in combination with the specifications of different harvesting heads could be used
to develop either a decision support tool or a mobile app for smartphone use. That would hopefully support
further optimization for forest owners or practioners concerned with forest operation planning. Forest
owners or operators should then be able to predict the potential nutrient saving (see Dietz et al., 2019) and
gatherable biomass amounts more precisely and in an even more sustainable way. A calculation tool based
on objective facts could maybe even improve the acceptance of mechanized forest operations in the broad
population.

91



5. Acknowledgements

This study was funded by the Bavarian State Ministry of Food, Agriculture and Forestry (EW/13/47) and
was conducted by the department of Forest Technology, Economics and Timber of the Bavarian State
Institute of Forestry from 2015 to 2018. Special thanks to our colleagues Fabian Schulmeyer, Martin Hogl,
Birgit Reger, Marianne Schiitt, Stefan Schuster and Karl Hiittl for their input and support. We also thank
our partners from the Bavarian State Forest Enterprise (BaySF), especially the team from the Centre for
Energy Wood and the regional forest offices involved (Selb, Rothenkirchen, Roding and Zusmarshausen)
for providing investigation stands and practitioner’s expertise.

6. References

Schulmeyer, F., Dietz, E., Reger, B., Hiittl, K., Borchert, H. (2016): Effects of rough delimbing of
coniferous crowns on biomass and nutrient exports and the productivity of the forest wood
chip production chain. Proceedings of the 49th FORMEC Symposium 2016, Warsaw, Poland

Dietz; E. Riebler, M., Schulmeyer, F., Schiitt, M., Reger, B., Hiittl, K., Schuster, S., Borchert, H., (2018,
unpublished): Ressourcenschonung durch ,,Grob entastetes Energierundholz®. Research report of LWF-
Project EW/13/47. 240 S.

Dietz, E., Riebler, M., Borchert, H. (2019): “Nutrient saving effects of roughly delimbed energy roundwood

in comparison to biomass supply of whole coniferous crowns caused by harvesting method and bucking”.
FORMEC Proceedings 2019.

92



FORMEC 2019 — Exceeding the Vision: Forest Mechanisation of the Future
6-9 October, 2019 - Sopron, Hungary

EVALUATION OF SCREENIG AND DRYING TO IMPROVE FUEL
PROPERTIES OF LOW QUALITY WOOD CHIPS FOR THE USE IN
SMALL WOOD GASIFIER CHP-PLANTS

Simon Leschel*, Dr. Daniel Kuptzl, Thomas Zengz, Dr. Anett Pollexz, Georg Kuffers,
Jana Miihlenbergz, Dr. Hans Hartmann'

'Technology and Support Centre in the Centre of Excellence for Renewable Resources (TFZ),
Schulgasse 18, D-94315 Straubing, Germany, Phone.: (+49) 9421-300-064, Fax: (+49) 9421-300-211,
Email: simon.lesche@tfz.bayern.de
’DBFZ Deutsches Biomasseforschungszentrum gemeinniitzige GmbH, Torgauer StraBe 116,
D-04347 Leipzig, Germany
3Spanner Re? GmbH, Niederfeldstr. 38, D-84088 Neufahrn i. NB, Germany

Abstract: Small-scale wood gasifier CHP-plants might strongly contribute to the transition from fossil to
renewable energies. Currently, high quality wood fuels such as stemwood are usually used in these
plants. In the future, increasing shares of low quality fuels from circular or cascade use will also
approach this market. These fuels can cause problems for failure-free plant operation due to their high
fuel heterogeneity and their lower chemical and physical fuel properties. In this study, three different
supply chains for processing low quality wood chips by screening and drying were investigated.
Processing was tested with wood chips from forest calamities and from roadside maintenance. After
processing, problematic physical fuel parameters and combustion critical elements such as potassium
were reduced. Upgraded fuels were applied in three wood gasifier CHP-plants Thereby, results indicate
that a decrease of moisture content, and the fine particle fraction can lead to an increase in electrical

efficiency.

Keywords: wood chips, fuel upgrading, gasification, combined heat and power generation (CHP), fuel
quality

1. Introduction

Due to the growing social awareness regarding climate change and due to national and international legal
frameworks for the transition from fossil fuels to renewable energies, the share of renewable energy
sources in the German energy mix should increase in the near future. A major part of the renewable
electricity generation will most likely be provided by solar and wind power. However, these energies are
considered very volatile and other sources such as decentralized small-scale wood gasifier CHP-plants
will be necessary as they help to balance volatile energy production and are therefore needed for the
stabilization of the electricity grid. Currently, these plants require wood fuels with a high quality
concerning both physical and chemical properties to achieve suitable energy efficiencies and failure-free
plant operation.

Considering a growing competition for high quality wood for material use (e.g. for biorefinery
processes), biomass residues from circulatory and cascade use might increasingly be applied in small-
scale wood gasifier CHP-plants (Scarlat, 2015). Due to the high heterogeneity of such low quality wood
fuels and their overall higher shares of fuel properties that are considered critical for combustion and
gasification compared to stemwood, failure-free plant operation might be a challenge. Flexible, energy
efficient and cost-effective secondary fuel processing steps such as screening and drying might help to
increase fuel properties of low quality fuels to make them suitable for the use in small-scale CHP-plants.
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2. Materials and Methods

During this study, two wood chip assortments were processed by screening and drying, i. e. wood chips
from forest calamities (coniferous wood from windthrow and bark beetle attacks) and from roadside
maintenance while a third trial with chemically untreated scrap wood was planned to be carried out. Dried
and screened wood chips from stemwood of Norway spruce (Picea abies) were gasified as a reference.

Wood chips from forest calamities and from roadside maintenance were chipped using the same self-
propelled chipper (Albach Diamant 2000). New sharp knives were installed before each chipping process.
The machine was always operated by the same driver to avoid an influence of the chipping process on the
fuel quality (Figure 1). The installed on-board screen in the chipper was 50 mm x 50 mm.

Figure 1: Chipping with the self-propelled Albach Di t 2000 (left) was carried out with new and sharp knifes (right)

The wood chips from calamity wood and from roadside maintenance were upgraded by screening and
drying in three supply chains while the reference wood chips were only upgraded in supply chain I:

L Continuous drying in a walking floor dryer (Spanner Re?) with a subsequent continuous
screening in a self-constructed, small-scale drum screen with round holes (48 mm)
followed by rectangular holes (3 mm x 20 mm)

IL. Continuous drying in a walking floor dryer (by Spanner Re?) which represents at the
same time the bunker of the gasification plant (see below) with a continuous sieving in
the screw conveyer of the plant (round holes: 4.5 mm, followed by rectangular holes:
50 mm X 85 mm)

1. Batch drying in a self-constructed container dryer (15 m®) and screening in a self-
constructed drum screen (rectangular holes, 10 mm x 40 mm)

All drying techniques use heated air for drying (i. e. excess heat from small-scale wood gasifier CHP-
plants, see below). The amount of thermal power varied and depended on parameters such as the specific
type of plant or the temperature of the ambient air.

During the project, it was planned to upgrade chemically untreated, shredded scrap wood in two of the
three supply chains, as well. However, this delivered material could not be processed as planned mostly
due to problems in the screw conveyors as a result of an unfavorable particle size distribution and the
corrugated shape of the hog fuel material. However, a determination of the fuel parameters was done in
order to be able to make a theoretical statement concerning the properties of unsuitable fuel.

For each supply chain and raw material, fuel property analyses were performed before, in between and
after processing, according to international standards for solid biofuels listed in Table 1 (particle size
distribution (n = 5), ash content (n = 5), moisture content (n = 10), net calorific value (n = 5), ash melting
behavior (n = 1) and elemental composition (n = 1)).
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Figure 2: Screening in supply chain I (left) and in supply chain III (right)

Table 1: International standards to determine the physical fuel properties of solid biofuels (d. b. = dry basis)

Parameter Unit ISO-Standard
Moisture content w-% 18134-2

Ash content (d. b.) w-% 18122

Net calorific value (d. b.) MJ kg'1 18125
Particle size distribution w-%, mm 17827-1

After processing, fuels were employed in three different commercially installed wood gasifier CHP-plants
(Figure 3). Thereby, fuels from each supply chain were gasified in at least two of the three plants.

Supplv chaln |
Supplycham III Plant C

Figure 3: Simplified flowchart of the experimental design for calamity wood chips and for wood chips from roadside maintenance

The plants used in the project were constructed by Spanner Re> GmbH (Neufahrn i. NB., Germany). The
gasifiers produce wood gas according to the direct current principle with a fixed bed. Ambient air is used
as a gasification agent in the downdraft systems. The plants generate both electricity and heat. The overall
generated power depends on the individual system components that are applied. The three plants A to C
differ only in their engine size and their cooling systems and are operated throughout the year.

Plant A is a HKA 45 which is installed on the manufacturer's premises, Spanner Re”. It supplies 45 kW of
electrical power as well as 100 kW of thermal power. Plant A was used as a reference. Processed
materials from all supply chains were gasified in this plant to ensure a high comparability between fuels
(Figure 3). Thereby, Plant A comprises supply chain II, i. e. the bunker of Plant A is the walking floor
dryer of supply chain II and the screw conveyor system between bunker and CHP-plant allows for
screening of the fuels. Fuel treatment via the screw-integrated screen was not activated when delivered
fuels had already been screened (i. e. coming from supply chain I and III, see Figure 3).

Plant B is located on an agricultural farm that is also the location of supply chain IIT (Figure 3). It is a

HKA 35 that was upgraded with a more powerful engine. It delivers about 50 kW of electric power and
110 kW of thermal power.
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Plant C is also located on an agricultural farm and uses the materials that are processed in supply chain I.
It is a HKA 35 with its original engine that provides 35 kW of electrical power and 80 kW of thermal
power.

In the field trials, 30 to 60 m’ wood chips were upgraded for each raw material and processing chain. The
resulting amount was sufficient for 6 to 10 days of gasification in the respective plants.

According to the manufacturer Spanner Re”, moisture content, particle size distribution and ash content
are the most important fuel properties in order to ensure energy efficient and failure-free plant operation
(Spanner Rez, 2019). The moisture content of the wood chips should not exceed 13 w-% for ideal
conversion conditions in the gasifier unit. Particle size distribution should be low in fines (i. e. particles
< 3.15 mm) and oversized particles (> 45 mm), with a maximal particle length shorter than 150 mm since
these can lead to blockages in the feeding system and to increased shares of tar in the product gas
(Spanner Re?, 2019). Increased ash contents and individual chemical elements (i.e. silicon and
potassium) also have negative effects on failure-free plant operation as they influence ash melting
temperature (slagging) (Kuptz, 2016). During fuel processing and gasification, energy balances (electrical
and thermal) and fuel throughput rate were recorded.

3. Results and discussion

The reference material, the calamity wood chips and the roadside maintenance wood chips were
produced, upgraded and gasified as planned. The shredded scrap, however, proved to be unsuitable for the
supply chains and the gasifier CHP-plants due to its physical fuel properties. In the following the results
of analyzing and balancing of the supply chains and the gasification are shown. For the scrap wood, only
fuel properties of the unprocessed raw material are presented.

3.1 Moisture content before and after processing

Before drying, the used raw materials had typical moisture contents of recently harvested wood of approx.
43 w-% (calamity wood) and 50 w-% (roadside maintenance wood, Figure 5) (Dietz 2016). Thus,
moisture contents strongly exceeded the value of 13 w-% that is recommended by the plant manufacturer.

Within every supply chain, the moisture content strongly decreased due to the used drying systems
(Figure 5). In all cases, the recommendations regarding the maximal moisture content of 13 w-% could be
met. The individual drying systems differ in moisture content homogeneity after drying. Thereby, the
batch processes (supply chain III) provided moisture contents with a higher standard deviation compared
to continuous drying systems (supply chain I and II).

Concerning the time required for drying, no direct comparison between supply chains is possible because
the thermal power used for the drying process differed significantly. For instance, wood chips in supply
chain I were dried with a maximum thermal power of more than 300 kW, while in supply chain III only a
maximum power of about 100 kW was available for the drying process. In addition, ambient air
temperatures that might also affect the drying process strongly differed in between individual drying
periods of the same supply chains.

Considering the overall drying success, the three applied drying systems differ also in terms of
disturbance and workload for the operator. Drying in supply chain I applies continuous drying, but the
dryer is not integrated into the CHP-plant. Thus, the same workload for transferring wood chips as in
supply chain III is necessary. In contrast, supply chain II is integrated directly into the storage bunker of
the CHP-plant and, thus, requires no additional work after processing. Supply chain III requires a high
level of manpower to operate. After the screening step, the batch dryer has to be filled using a wheel
loader. After drying, the material has to be transported into the bunker of the CHP-plant.
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3.2 Ash content before and after processing

Ash content (on dry basis) of the reference material was significantly lower than that of the calamity
wood and the wood from roadside maintenance (p < 0.05, T-test, Figure 5). The ash content of the
unprocessed calamity wood was 0.86 w-% (dry basis (d. b.)) and therefore lower than the usual ash values
for this assortment. This indicates that the used assortment consisted to high shares of stemwood and had
only low contents of bark, needles or impurities such as mineral soil (Dietz, 2016).

60 3.0
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Figure 5: Left: Moisture content (in w-%) for the raw materials and after processing with the three supply chains and the maximal recommended
moisture content (mean values * standard deviations). Right: Ash content (in w-%, dry basis) for the raw materials and after processing with the three

supply chains (mean values * standard deviations) and the maximal recommended ash content

In case of the calamity wood, no real difference in ash content was measured before and after screening
(Figure 5). This was rather unexpected as the ash content of the fine particle fraction was much higher
(e. g.3.61 w-% (d. b.) in supply chain I). Since the mass fraction of the separated fines was 12 w-% of the
whole raw material, the calculated ash content of the processed calamity wood chips should be much
lower (i. e. 0.37 w-% instead of 0.78 w-% in supply chain I). This effect was also observed in previous
studies that found a reduction in ash content through screening (Kuptz, 2019). As the measured ash
content of the calamity wood after processing was on a similar level in all 3 supply chains, the measured
value for the unprocessed raw material was suspected to be too low, probably due to sampling errors in
the field.

In the case of the roadside maintenance wood, the original ash content of 2.2 w-% (d. b.) decreased by the
treatment in every supply chain (Figure 5). Thereby, supply chain I reached the lowest ash content of
approx. 1.3 w-% (d.b.). Only reference stemwood and calamity wood met the maximal ash content
specification 1.0 w-% that is recommended by the plant manufacturer.

Table 2: Fuel-related number of disorders in the respective CHP-plant in relation to the supply chain and the raw material

0 means no disorders; - means that the corresponding material was not gasified in the mentioned plant.

Raw Material Supply chain Number of disorders per CHP-plant
A B C
Reference I 1 0 0
Calamity wood I 6 - 8
II 1 - -
111 3 0 -
Roadside I 4 - 2
maintenance II 7 - -
wood 111 0 1 -

No clear correlation could be observed between the ash content and the functional stability of the CHP-
plants (Table 2). For example, ash contents of the roadside maintenance wood in supply chain II and III
had similar values after processing. Both materials were gasified in the CHP-plant A. In the case of the
material from supply chain II, a total of seven fuel-related disorders appeared in the system. The material
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from supply chain III, on the other hand, could be gasified without any fuel-related disturbance (Table 2).
Plant malfunction was recorded by the individual plant operators and no qualitative assessment was
provided on the type of disturbance. Thus, plant malfunction may also have been caused by other impacts
such as an unfavorable particle size distribution or the concentration of chemical elements (critical
composition of the producer gas).

3.3 Particle size distribution before and after processing

Regarding particle size distribution, the reference material (stemwood of Norway spruce) contained
significant lower shared of very fine particles (< 3.15 mm) and oversized particles (> 45 mm) compared
to the other fuels (Figure 7). These differences were also visible by optical assessment of the processed
wood chips (Figure 6).

In the case of the wood chips from calamity wood, processing by screening resulted in a reduction of both
the coarse and the fine fraction (Figure 7). This explanation is supported by the results from previous
projects (Kuptz, 2019). In case of the wood chips from roadside maintenance, no reduction of fines was
recorded for supply chain II. This was most probably due to water vapor condensing on the screen within
the screw conveyor. Due to the very low outside temperatures at the time of the experiment (December
2018), the condensation water froze and, thus, restricted the functional capability of the sieving unit.

Figure 6: Left: Reference wood chips (stemwood of Norway spruce) after processing in supply chain I (size of the rectangular frame = DIN A5). Right:

Roadside maintenance wood chips upgraded in supply chain I (size of the rectangular frame = DIN AS5)

The most effective way to reduce the amount of fines was the screening in supply chain I. There the
continuous screening using rectangular holes (3 mm X 20 mm) (Figure 2) provided the highest degree of
fines separation in the tested materials (Figure 7, left). In case of critical oversized particles, the screening
method of supply chain III, i .e. the drum screen with 50 mm round holes provided the best results (Figure
7, right).
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3.4 Chemical analysis and ash melting behavior

The chemical composition of wood chips also determines the fuel quality of the materials as it influences
the combustion behavior, e. g. in terms of gaseous and particular emissions and in terms of ash melting
tendencies. The overall chemical analyses showed values that were in a typical range for the investigated
assortments (Figure 8, Dietz 2016). In all cases, combustion-critical elements such as K, Si and P are
reduced in the main particle fraction compared to the fine fraction (Figure 8). This coincides with the
results of previous research projects which locate a large part of the combustion critical substances in the
fine particle fraction due to higher shares of needles, bark or impurities from mineral soil (Kuptz, 2019,
Zeng, 2019). Screening removes this fine fraction and, thus, it reduces high shares of the combustion
critical elements.
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Figure 8: Element analyses of roadside maintenance wood for the three supply chains

In the following, the focus will be on the elements that influence ash melting properties since the
gasification systems of Spanner Re” are rather inconspicuous in terms of emissions. For the evaluation of
slagging tendency of solid biofuels, one chemical fuel index is usually applied (Zeng, 2019;
Sommersacher, 2013), i. e. the molar (Si+P+K)/(Ca+Mg)-ratio:

(Si+P+K)
(Ca+Mg)

mol

(in —). ey

mol
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With an increasing ash melting index, ash slagging tendencies of solid biofuels should increase. Figure 9
shows the deformation temperature (DT) of the wood chips from supply chain I compared to the ash
melting index. The DT was determined according prEN ISO 21404. All three upgraded fuels (main
fraction) had a similar index and DT’s in a comparable range. The fine fractions showed higher ash
melting indexes and consequently also lower DT’s. Thereby, all processed main fractions showed DT’s
that were above the typical temperature level (1,200 °C- 1,300 °C) in the gasifier while the separated fine
particles showed a lower and thus rather problematical DT (i. e. < 1,300 °C). The results are in line with
the experience gained in the field trials. During the gasification trials no slag related problems occurred.

The ash melting index of the raw materials differs only slightly from that of the treated assortments
(Table 3), so that a consideration of the associated ash melting properties (of raw materials) is necessary.
This was not determined at the first attempt, but is currently in progress.
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Figure 9: Deformation temperature of the assortments from supply
chain I compared to ash- melting Index
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3.5 Gasification performance (efficiency)

Due to difficulties with monitoring the mass flow of the fuels in some of these full scale trials, only the
electrical energy efficiencies of Plant A (i. e. that was linked to supply chain II) could be investigated in
detail. Thereby, electrical efficiency decreased with increasing share of fines (Figure 10). Although this
effect was rather small, the findings coincide with the manufacturer's fuel recommendations that identify
low fines as one of the most important parameters for efficient operation.

Comparing the influence of the fine fraction on the electrical efficiency with the influence of the moisture
content (Figure 10), it can be seen that the influence of the moisture content is less pronounced. Still, the
electrical efficiency tends to decrease with increasing moisture content. Since moisture contents were
below the maximal value that is recommended by the plant manufacturer, only a small effect was to be
expected.
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Figure 10: Left: Electrical efficiency (in %) of Plant A in relation to fine particle fraction (< 3.15 mm in w- %) for fuels processed with supply chain II.

Right: Electrical efficiency (in %) of Plant A in relation to moisture content (w-%) of fuels processed in supply chain II

3.6 Outlook on further fuel alternatives (scrap wood)

Based on the results of fuel analyses, it is obvious that the unprocessed shredded scrap wood needs to be
upgraded by drying and screening in order to be used in a wood gasifier CHP-plant. The assessed
shredded wood showed a too high moisture content for gasification of 21.8 w-% (SD: 0.71 w-%), which
is in the typical range for this assortment (Thrin, 2016). The material had an ash content of 0.47 w-%
(SD: 0.15) and a high amount of coarse particles (> 45 mm) with an average of 10.5 w-%, the maximum
value was over 14 w-%. The maximal particle length was 215 mm with a cross section of 2.5 mm®. Thus,
this hog fuel could not be upgraded due to foreseeable major problems with the screw feeding into the
screening machines used in this project. For the use of shredded scrap wood in small scale wood gasifier
CHP-plants, alternative supply chains have to be considered. To remove the very large coarse particle
fraction, for example, a drum screen with a feeding system for larger particles (i. e. screw conveyors with
a larger diameter, conveyor belts, etc.), a star screen or a jigger screen could be used. All these techniques
are currently used in German biomass terminals for processing wood chips (Kuptz, 2019). After
separation of oversized particles, drying of the material would be possible in the dryers used in this
project.

However, in opposition to wood chips, hog fuel assortments will always remain problematic in terms of
their mechanical properties. This is due to the shape of the corrugated particles which also are rather long
and thin because comminution was done by splitting tools rather than by cutting knives. Alternative
comminution methods are restricted by the high content of foreign material (stones, metals), which are
usually prevailing in waste wood.

Chemical analysis of the fuel is still ongoing. However, since chemically untreated scrap wood was used,
no gasification problems due to chemical fuel properties are to be expected. Overall the use of scrap wood
may cause legal conflicts with the infeed privilege for renewable energy sources.

4. Summary and conclusion

Results on fuel quality indicate that none of the unprocessed raw materials was suitable for the use in the
CHP-plants without secondary fuel treatment due to high moisture contents or unsuitable particle size
distributions. After upgrading in the supply chains, all low quality wood chips became suitable for the
gasification in the investigated plants. This assessment coincides with the recorded experience of the
involved plant operators. Still, even with the processed (upgraded) fuels, more plant disturbances were
recorded compared with the combustion of high quality wood chips from stemwood. Thus, using these
fuels requires trained plant operators.
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Individual processing techniques differed in terms of final fuel quality, but also in investment costs and
required manpower. Final cost calculations and some chemical analyses are still ongoing. However, the
results already confirm that operation of wood gasifier CHP-plants with processed wood chips from low
quality and low cost raw materials is possible and might contribute to future energy systems at reduced
operating costs.
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Abstract: A mechanized harvesting system combined with whole-tree chipping was investigated on two
harvesting sites in central Appalachia, USA. Production and machine rate data of the operations were
collected through time-motion study, with chipping elements defined as feeding, chipping, and loading.
Chipping cycles averaged 21.5 minutes to produce 13.35 dry metric tons per truckload, providing hourly
rate of 37.31 dry metric tons/PMH. Total cycle time including truck delivery averaged 183 minutes,
giving hourly production rate of 4.38 dry metric tons/PMH delivered. The unit cost of the harvesting
system including one feller-buncher ($4.16/odMg), two grapple skidders ($7.22/0dMg), and the chipper
(83.33/0dMg) was combined for total per unit cost of 814.70/dry metric ton to produce in-woods chips at
the landing. Total operational costs for felling, skidding, chipping, and truck delivery is estimated at
8318.01 to 324.62 per dry metric ton dependent upon transportation cost. Chips were sampled from the
operations to characterize properties and evaluate whole-tree chips as a bioenergy feedstock according
to ANSI Standard AD17225-4:2014 Solid Biofuels. Results of properties testing indicated 37.5% green
moisture, 0.212 g/cm3 bulk density, 10.5% bark content, 0.49 % ash, and 18.59 Mj/Kg calorific heating
value. Size distribution of wood chips were categorized into small (3-16mm), medium (16-45mm), and
large (45-63mm). Chip sizes captured 46% small, 45% medium, and 3% large by total mass, respectively.
Fines (63mm). These whole-tree chips were found to meet the highest grade Al requirements of the U.S.
wood chip fuel quality standard.
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Abstract: Bark is currently used mainly for producing energy but extraction of valuable components
before combustion offer an interesting cascading use for debarking biomass. Buffer storing is an
inevitable part of bark biomass logistics but during storing substantial dry matter losses can reduce the
properties and the economic value of the raw material. As delivery volumes and commercial values have
increased, the economic losses associated with poor storage management of bark biomass have raised
concerns. Behind the increasing interest in bark is the aim of resource efficient utilization of forest
biomass. The content of many valuable extractives starts to decrease immediately after tree felling and
this degradation continues during storage of bark biomass.

In our study, the bark quality characteristics of Scots pine bark during 2 months buffer storing was
measured, and energy content change during storing calculated. In addition, the amount of extractives
was measured after 2, 4 and 8 weeks of buffer storing period, to monitor how the chemical composition of
bark changes during storage. The temperature of the bark at the terminal stack was monitored with
temperature loggers. The produced parameters are valuable information when developing novel storing
systems for bark biomass logistics.

According to the preliminary results, the basic density of pine bark decreased significantly during the two
months storing period. Furthermore the moisture content of the bark decreased remarkably due to the
self-warming of the bark stack. After establishment of the pile, temperature in the middle of the pine bark
stockpile rose rapidly, reaching 60°C within three days, but declined fast. After two months, the
temperature in pile has lowered to ca. 25 °C. At the beginning of the storage period the condensed tannin
(CT) content in pine bark decreased drastically being less than 50 % of the original amount after two
weeks of storing. Some further loss of CT could be seen in the samples analyzed after 4 and 8 weeks of
storing but it was clearly evident that the major loss appeared during the first two weeks.

Keywords: bark, storing, Scots pine, basic density, extractives
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Abstract: Much of the active forest management taking place in the southwestern United States,
particularly on public lands, can be categorized as forest restoration. Treatments may include mechanized
extractive removals (e.g. timber and biomass harvest), mechanical in-place treatments (e.g. mastication),
manual treatments (e.g. hand pile), prescribed burning (e.g. pile and broadcast burning), or a combination
of these options. Though forest restoration uses many of the same machines and harvesting systems as
traditional timber sales prescribed with a goal of profitability, the economics of these treatments can be
extremely challenging. The small diameter and poor quality of stems removed during restoration can make
it very difficult to cover costs with revenues, and such treatments can be very costly to implement as a result.
Based on intensive study of five operations, this presentation examines the marginal cost of biomass
utilization compared to other methods of treating stands dominated by small-diameter stems.

Keywords: utilization, mastication, prescribed fire, small-diameter timber

1. Introduction

The forests of the US Southwest are dominated by ponderosa pine (Pinus ponderosa) and, at higher
elevations, may contain a mix of other conifer species. These forests have evolved under a low-severity,
high-frequency fire regime leading to open stands dominated by large diameter, unevenly-spaced trees with
a grass understory (Covington and Moore 1994; Reynolds et al. 2013). These fires were the result both of
natural ignitions from lightening associated with monsoonal weather patterns as well as human-caused
ignitions as part of native cultural practices. Over the past century-and-a-half, fire exclusion in the form of
suppression of fire starts and livestock grazing that removed fine fuels (grass) has led to forest stands
dominated by high stem densities and more susceptible to stand-replacing fires (Allen et al. 2002). Large
wildfires, such as the Rodeo-Chediski fire in 2002 that burned 1,900 km? and the Wallow fire in 2011 that
burned 2,177 km?, have underscored efforts to actively restore historic forest structure and function. The
reintroduction of fire to these forests is a common goal, but is often not practical without initial mechanical
or manual treatment to remove woody fuel (Allen et al. 2002; Hampton et al. 2008). Without this treatment,
any prescribed fire is likely to burn too hot, killing and consuming too many live trees, and runs an
unacceptably-high risk of escaping containment lines. Mechanical restoration treatments have proven to
restore stand structure (Larson and Churchill 2012), ecosystem function in both vegetation and soils (Falk
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2006; Grady and Hart 2006), species richness (Stoddard et al. 2011), and resilience to fire even with a
changing climate (Fulé 2008). The challenge for these treatments lies in the low value and high cost to treat
the large volume of small-diameter stems that need to be removed in order to meet treatment objectives.

Forest restoration treatments in the US Southwest are further challenged by limited markets for wood
products removed during treatment (Hayes et al. in press; Townsend et al. 2019). Wood processing
facilities are generally small with limited capacity, are scattered geographically, and are constrained by
limited markets for wood products and low-quality wood properties. Ponderosa pine is a relatively weak
wood and therefore not appropriate for structural lumber in residential or commercial applications.
Currently there are no dry kiln operations in the southwest, limiting products to the green market. Common
traditional wood products produced include pallet stock, railroad ties, fuel wood for home heating, vigas
(hand-peeled roundwood used as beams in the traditional adobe architecture of the region), dimensional
lumber that is heat-treated and exported to Mexico, and posts and rails. More recently, however, biomass
markets such as whole-tree grindings for electricity generation, pellets for home and industrial heating,
animal bedding, landscaping and erosion control products have exceeded traditional sawn wood markets in
terms of total value of sales (Hayes et al. in press).

Townsend (2019) and Townsend et al. (2019) used repeated measures of five mechanical harvesting
contractors during the summers of 2017, 2018, and 2019 to evaluate the production and costs of integrating
biomass harvest into forest restoration treatments. All of the treatments evaluated had sufficient sawlog-
sized material that also was designated for removal to justify a commercial operation, even though many
of the operations were not able to cover all costs with product value. This paper will compare the marginal
cost of this biomass harvest in conjunction with a commercial timber harvest operation with other options
for treating this small-diameter stand component.

Other methods beyond extraction as part of an integrated harvest are available to land managers to treat
small-diameter stems. For example, motor-manual felling can be used to remove these undesired stems
from the growing stock of a site. This generally will not remove the biomass material from the site. Hand
felling may be paired with the piling of these stems for later burning. Mechanical mastication can also be
used to remove unwanted stems from the growing stock. Like hand felling, fuels are merely rearranged
and not removed. In some instances, prescribed burning without pretreatment may be used to kill and
potentially consume growing stock. Many tradeoffs exist between these options and include factors
associated with: treatment cost, revenue potential, residual stand damage, soil impacts, leave tree selection,
fuel loading and implications for fire behavior over a many year time horizon, visual impacts, and social
acceptability. Of these tradeoffs, this paper will attempt to provide data regarding treatment costs and
revenue potential.

2. Methods

Townsend (2019) selected five harvesting contractors that spanned the geographic range of the project area
with two contractors in east-central Arizona, two in northwest New Mexico, and one in southeast Colorado
(Figure 1). These contractors were selected based on their willingness to participate in the research project,
logging systems typical of the region, and contracts in place for forest restoration work appropriate for the
larger research project. In the first year (2017), detailed time study data was collected for approximately
10 operational days for each contractor. This effort was intended to establish a baseline of current state-of-
the-art production and cost rates. After analysis of data from the first field season, recommendations for
improvements were delivered to each contractor. These recommendations ranged from equipment
selection, to workflow and methods (ex. bunch size, skidding pattern), to training needs.
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Figure 1: Study sites

Three of the five operations studied were ground-based, mechanical whole-tree systems. The two
operations in Arizona typically operated on ground with gentle slopes therefore utilized rubber-tired
hotsaws (rotary disk saws) for felling. Operation 4 in New Mexico typically operated in units with higher
average slopes and therefore used a tracked, self-leveling hotsaw for felling. All three of these operations
used rubber-tired grapple skidders for transporting bunches of logs to roadside followed by processing
using an excavator-mounted dangle-head processor for manufacturing whole stems into logs. Operation 5
in southern Colorado used a conventional whole-tree system in the first year, with motor-manual felling
and delimbing, transport to the landing using a rubber-tired grapple skidder, and further delimbing and
bucking at road-side using a pull-through delimber. During second year operations some of the felling was
completed using a rotary disk harvester operated as a feller-buncher. Operation 3 in New Mexico used a
modified cut-to-length operation in the first year, with felling and processing at the stump using a tracked
harvester, followed by skidding with a rubber-tired grapple skidder. In the second year this operation had
transitioned to a mechanical whole-tree system using a rubber-tired hotsaw for felling, skidding with a
rubber-tired grapple skidder, and road-side processing with an excavator-mounted dangle-head processor.
Changes in operations from the first year to the second allow for the evaluation of the marginal cost of
treating small-diameter biomass stems along with more traditional sawlog harvest.

Table 1 shows the findings from Townsend (2019) for three of the five operations. Observed costs were
calculated from average observed conditions on each site in each operational year. Modeled costs were
developed from productivity models where variables such as piece size and travel distance have been
standardized between operations and years. All costs are in 2019 US dollars per green tonne. Table 2
details pre-treatment stand conditions.
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Table 1: Cost results from Townsend (2019)

Operation 2 3 4
'Year 2017 2018 2017 2018 2017 2018
Function Observed Costs ($ gt™)
Felling $7.74 $5.83 $13.17 $5.85 $3.76 $3.08
Skidding $11.64 $3.26 $11.37 $3.95 $4.65 $4.89
Processing $7.38 $7.19 INA $5.07 $5.89 $5.56
Cold Decking Loader NA $1.28 INA NA INA NA
Loading $2.54 $2.05 $9.38 $3.55 $3.59 $2.29
Grinding $9.24 $6.63 IN/A N/A IN/A N/A
Round wood cost $34.97 $19.61 $33.93 $18.43 $17.89 $15.82
Modeled Costs ($ gt™)
Felling $4.05  $3.74  [81239  $4.91 $4.90 $4.38
Skidding $4.89  $3.86  [$4.15 $4.61 $4.62 $3.71
Processing $5.09 $6.87 INA $3.62 $8.32 $7.01
Cold Decking Loader [NA $2.03 INA NA INA NA
Loading $2.54 $2.05 $9.38 $3.55 $3.59 $2.29
Grinding $9.24 $6.63 IN/A N/A IN/A N/A
Round wood cost $16.57  $18.54  $25.92 $16.69 $21.43 $17.40

Table 2: Pre-treatment stand conditions by operation and year (Townsend 2019). Species key: PIPO =

Pinus ponderosa, PSME = Pseudotsuga menziesii, ABCO = Abies concolor, QUGA
= Quercus gambelii, PIST = Pinus strobiformus

Operation | Slope TPH TPH BA> QMD Avg Ht % by Basal Area
Y% <10 >10 10cm >10 (m) PI PS AB QU PI
cm  cm (m2 /ha) M >10em PO ME CO GA ST
2-2017 | 7 618 404 299 30.7 14.3 973 0.2 0.1 24 0
2-2018 | 9 706 496 342 335 17.4 243 316 338 52 50
3-2017 | 7 41 315 19.0 27.7 12.4 100 0 0 0 0
3-2018 | 7 395 227 215 37.9 15.4 100 0 0 0 0
4-2017 | 15 280 694  30.0 23.5 15.3 96.5 1.4 2.1 0 0
4-2018 | 16 1615 478 320 29.5 17.1 989 1.1 0 0 0
3 Results
3.1 Felling

Two cases allow insight into the marginal cost of felling small-diameter stems using feller-bunchers. In
2017, Operation 2 had the feller-bunchers sorting stems during cutting such that small-diameter stems were
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bunched separately from stems containing sawlogs. On average, 2.91 stems containing sawlogs were cut
per minute as opposed to 7.1 small-diameter stems per minute when cutting was segregated. Given this
stand contained 618 stems ha™!' less than 10 cm DBH, and assuming a rubber-tired feller-buncher costs
$133/hour, felling small-diameter stems cost $192 ha'!. For comparison, a unit with 500 stems ha"'would
cost $156 ha'! for felling small-diameter stems.

The second case was the result in a change in contract specifications between years for Operation 4. In
2017 all stems were cut by the feller-buncher. In 2018, only stems greater than 10 cm DBH were required
to be cut. This change in contract specification resulted in an average decrease in felling costs of $0.52 t™1.
The productivity model from 2017 found no difference in the time to cut a stem based on stem size; all
stems averaged 0.0644 min stem™. Given 280 stems ha™! less than 10 cm DBH in the unit and an hourly
cost for a tracked feller-buncher of $187, the felling of small-diameter stems cost $56 ha™!. For a stand with
500 stems ha’!, this cost would be $100 ha!.

3.2 Skidding

In 2017, Operation 2 skid small-diameter stems separately from sawlogs. For the observed stand with 618
stems ha-1, assuming hourly cost of a rubber-tired grapple skidder at $143 hr™!, the resulting cost to bring
small stems to the roadside is $707 ha!. For a stand with 500 stems ha’!, this cost is $572 ha'.

3. Discussion

Mechanical felling costs for small-diameter stems treated in conjunction with a commercial timber harvest
were found to be approximately $100-150 ha™!. Small diameter felling costs were found to be lower for the
tracked feller-buncher as compared to the rubber-tired feller-buncher. This difference is to be expected as
the tracked machine is able to swing the head to each stem with minimal repositioning of the machine. The
rubber-tired feller-buncher, on the other hand, must drive to every stem cut regardless of stem size.

By comparison, motor-manual thinning of small-diameter stems in a stand-alone operation may cost $700-
1850 ha'!. Mastication costs may range $1000-2500 ha™'. Both of these options would leave the biomass
material in the woods. These results indicate that if a commercial timber harvest is to occur in a stand, the
lower cost option is likely to treat small-diameter stems concurrent with sawlog-sized material regardless
of if a market for biomass material is available.

Removal of fuel from the stand may occur by felling and skidding trees or through operations such as a
prescribed burn. Felling and skidding costs found here are approximately $875-925 ha’!. Prescribed
burning costs are highly variable depending on terrain, stand conditions, season of operation, resources at
risk, and unit size. Costs for prescribed burning may range $300-1200 ha'!. However, many areas that
have not been previously treated or burned may need additional treatment, such as motor-manual thinning
or mastication, prior to burning. These costs would be added to the cost of burning.

Comminution of slash prior to on-road transportation occurs when markets exist. In the case where
commercial sawlogs and other roundwood products are utilized from the restoration treatment, small-
diameter whole trees are added to the slash (limbs and tops) resulting from log production. The proportional
volume of biomass from small-diameter stems as compared to the slash from log production is highly
variable and depends on the pre-treatment stand conditions, prescription, and log market specifications.
For slash, regardless of source, that reaches roadside piles, the common options are either open burning of

109



piles, chipping or grinding into containers for transportation to a conversion facility, or return skidding of
slash in cases where the material is needed either for nutrient cycling or to provide fuel for a subsequent
prescribed burn. Townsend (2019) found chipping costs in Arizona to average $6.63 t!, which included
chipping directly into chip vans. On-road transportation costs are highly dependent on distance and speed
and were not discussed by Townsend. Operation 4 did return skid slash during the 2017 operational period.
No statistical difference was found between those skidding turns where slash was returned (in this case the
prescription called for slash to be scattered over skid trails to minimize erosion) and those where the skidder
returned to the unit empty (Townsend et al. 2019).

4. Conclusion

Treatment of small-diameter stems is a necessary component of most forest restoration in the Southwestern
US. In many cases, particularly with public land management, ecological and community safety concerns
outweigh financial consideration. However, treatment costs need to be understood in order for managers
to make informed, efficient decisions.
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Abstract: Silvicultural treatments to restore forest ecosystems, reduce wildfire risk, and improve
conditions for fire suppression can be very costly to implement. In the interior western United States,
public land managers have struggled to meet restoration and fuel treatment targets in part because of the
low economic viability of these operations. Though they often include the harvest of marketable timber
products, the low grade and poor quality of trees and vegetation cut and removed generally limit value
recovery. In most cases, large volumes of unmerchantable logs and biomass are burned for disposal,
which has negative impacts on air quality and soil. This presentation synthesizes the results of multiple
research studies in the Rocky Mountain region of the United States and is focused on understanding the
potential for using this biomass as feedstock for the production of advanced biofuels, bioproducts and
distributed-scale combined heat and power. Recommendations are made to enhance value recovery from
the low grade and low value materials flowing from fuel treatment and forest restoration operations. The
goal is to better coordinate on-unit operations with the planning and implementation of such treatments
in ways that encourage market links with existing and new biomass end users. The emphasis is on
efficient and effective production and delivery of the biomass products that down-stream users demand.
Given the vast extent of treatment required in the region under constrained budgets, leveraging the
emerging bioeconomy to improve the financial viability of fuel treatment and forest restoration will be
critical to treating more acres at lower cost, and improving fire suppression success in the future.
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Abstract: Manually measurement of logs stacked at the roadside or on trucks is time-consuming and
labour expensive. Common features of interest include but are not limited to, number of logs, diameter
distribution, and volumes. Recently, a number of computer vision algorithms and software solutions have
been developed and implemented in real life applications. In this study, we tested a solution method based
on OpenCV computer vision algorithms, which were implemented in a tool named LogVision, using the
Qt/C++ programming framework.

The data used in this study are digital images of end faces from logs carried on trucks and collected at
the weighbridge of sawmills. The images size of each image was 640 x 480 pixels. In total, the data
consisted of 22 digital images containing a total of 252 Radiata pine logs. The diameter of each log was
measured manually with a measuring tape. The processing for the automated detection and diameter
estimation of logs included the following functions/algorithms: 1. 2D filtering with a 5x5 kernel, 2.
Changing of colour channels, 3. A Gaussian Blur algorithm, 4. A Hough Circles algorithm, and 5. A
function to draw circles around the faces of the logs. All these algorithms and functions were
implemented in a software named LogVision, which counts the number of logs and estimates diameters of
the logs in the image. The tool also allows data export to MS Excel and the image (jpg format) with the
diameters calculated. The diameters measured and recorded in the forest were compared with the
diameters calculated by the LogVision tool. The difference (cm) between the diameters calculated
manually and with the algorithm was on average 0.52 cm, with a maximum of 9.3 cm and a minimum of
-8.9 cm. Approximately 71% of the variation was less than 3 cm.

Preliminary results show that our solution method has the potential to detect and estimate diameters of
logs on trucks quickly and with a relatively high accuracy, which makes it suitable for use in operational
conditions.
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Abstract: Increasing occurrence of natural disturbances such as windstorms and high snow cover as well
as uncertainty according to queuing and lead times, bottlenecks, utilization, stock level, wagon and truck
availability and machine breakdowns lead to supply chain risks and seasonal irregularities in wood harvest
and transport. Innovative multimodal systems via rail terminals offer the potential to increase buffer
capacity and reduce greenhouse gas emissions. Therefore, a train terminal is included in a new virtual
environment spanning the whole wood supply chain and enabling manager involvement in testing, analysis
and evaluation of a complex multimodal transport system. The simulation model facilitates carrying out
experiments and scenario designs for strategy comparisons in workshops with supply chain managers and
provides intuitive decision support by animation and a KPI-cockpit. Adapting collaborative supply chain
control strategies in participatory simulation enhances the development of advanced risk management and
therefore improves supply chain resilience, efficiency and sustainability.

Keywords: wood supply chain, DES, stakeholder workshop

1. Introduction

The forest based sector in Austria is lacking a comprehensive multimodal concept to improve sustainability,
resilience, efficiency and cost-effectiveness along the wood supply chain. Significant new challenges for
wood supply management require an integrated framework for modelling and analysis of efficiency and
resilience to supply chain risks. Therefore, the need for an integrated framework focusing on risks will be
satisfied by a discrete event simulation model to support managers in their decisions and contribute to a
better understanding of the multimodal wood supply chain. Discrete event simulation provides a powerful
method for decision support, but simulation models are rarely used in university education and industrial
training mainly because they are complicated and customized for scientific use only. In addition, within
science, documentation of highly specific simulation models provides mainly a rough overview, failing to
facilitate external expert evaluation and valuable feedback. Consequently, a scientific discrete event
simulation model extending from forest to industry was further developed with special focus on animation,
visualization and intuitive usability in a workshop setting. Tested in several workshops, it proved to
facilitate decision support for managers and to provide means to train students and sensitize researchers on
how to deal with challenging supply situations.
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2. Literature

DES models have a high potential for pedagogical purposes and stakeholder participation due to the active
involvement of trainees, their suitability in providing experience of complex system characteristics and
decision support within a safe learning environment (Van der Zee et al. 2012). Guidance for developing
these models is rare, but conceptual modeling (Robinson 2008) as well as simplification (Van der Zee et al.
2018) and gamification (Despeisse 2018) play fundamental roles. So far, stakeholder participation has been
mainly focused on SWOT analyses combined with strategy formulation, analytic hierarchy processes as
well as the delphi method. Furthermore, stakeholder workshops were held primarily for scenario design,
building, development or back-casting. Regarding knowledge transfer through simulation education,
earlier studies concentrated mainly on course and workshop designs for teaching simulation model
development to one class or audience. Others authors developed simulation games to teach special
principles and motivate students. In the wood-based industry, the freely available and prize-winning
online wood supply game is a successful example, teaching supply chain challenges such as the burdens
of the bullwhip effect, bottlenecks and system capacities (D’Amours et al. 2017). However, the integration
of adapted, professionally developed, scientific simulation models in classes and workshops is rarely
discussed.

3. Case Study

A comprehensive case study of a multimodal supply chain in Austria was conducted with special focus on a
train terminal in GroRreifling (Styria). The case study was supported by interviews and data collection of the
Austrian Federal Forests, Rail Cargo Austria, carriers and the central agency for meteorology and set the
stage for the development of a simulation model based on a real life case. The Austrian Federal Forests are
property of the Austrian state and administered in a stock company. Their 1100 employees are responsible
for 15% of Austrian forests and deliver a wood supply volume of more than 1,5 million cubic meters, of which
a quarter is handled multimodal. Four of 121 forest districts directly supply the observed train terminal
GroRreifling. Regularly, three regional carriers transport about 2000 cubic meters wood per month to the
terminal or directly to the industry. Once (twice after storms) a day a locomotive picks up two to four (up to
nine after storms) wagons and leaves empty wagons until the next day at one of the loading railroad tracks.
After natural disturbances like wind storms up to 30000 cubic meters per month pass through the terminal.
In this case up to 10000 cubic meters can be stored directly at the terminal.

4. Simulation Model

The simulated supply chain reaches from the forest to the industry and covers wood harvest and truck pre-
carriage to wood terminals or industry, storage in a terminal, transshipment to rail wagons and final rail
transport to and unloading at woodworking plants. Therefore, the AnylLogic simulation model consists of
parameterization, animation, scenario, statistics, logic and code views and modules for forest, truck
transport, terminal, train transport and industry. In the parameterization view prepared transport plans
(BAU = business as usual, SNOW -75% production in the first quarter, STORM = +300% in the third quarter)
can be selected, new ones entered or read from excel files. Additionally, also other parameters e.g. the
number of wagons and trucks, distributions for drive times, capacities and costs can be adjusted. Moreover,
scenarios based on number of train pickups, transport mode, transport priority and runtime can be designed.
These parameters can be adapted during runtime and the changes can be observed in the animation
window, where trucks and trains transport wood according the transport plan. Simulation results are
provided in the management cockpit where KPIs for stock levels over time, CO2 emissions, costs, utilization,
lead times, queuing times and service level are presented.

5. Workshops
A variety of workshops designs can be supported by the workshop edition of the DES model. Therefore, the

objectives of the workshop have to be clearly defined based on Bloom’s taxonomy, methods that contribute
to achieve the desired goals have to be chosen and the actual schedule, setting, content and scenario needs
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to be designed. The generic structure of workshops for students, scientists and managers can be organized
in the stages: input, learning by doing and analysis, where each stage will take between 30 and 60 minutes.
The input stage answers the initial question of participants, “Why are we here?”, by giving an overview of
the workshop agenda, problem setting and goals. This guides to the question, “How can we experience,
observe or analyze the problem?”. Consequently, the workshop edition is introduce by a live demonstration
of process flows in the Animation View as wells as the change of KPIs in the Management Cockpit View. The
learning by doing stage starts with a clear problem definition, before participants get hands-on experience
and play the defined simulation scenario (i.e., period, harvesting volumes, system capacities) usually in small
groups from 3 to 5 people. Week-by-week, every group discusses their strategies and decides on the
transport plan (e.g., number of trucks, wagons, train pickups, unimodal/multimodal ratio) for the next week
based on harvesting volumes, stockyard utilization as well as other KPIs. At the end of the simulation period,
all KPIs are exported to an Excel file and this provides the basis for the last stage. The analyses stage reflects
strategies, problems, solutions and findings. KPIs like transport volume, stockyard sizes, delivery quotas,
number of full loaded wagons, fulfillment levels, CO2 emissions, truck utilizations, lead times, queuing times
or transport costs are compared over time and between groups in different graphs. Finally, the discussion is
wrapped up, results are documented and next steps to tackle outstanding problems are defined before a
final feedback session.

First delivered workshops to various groups of scientists, managers and students in different levels of
mastery according to their experience in wood supply chain management indicated, that the adaption of a
scientific DES model in an early development stage to a workshop edition increases model’s reliability and
suitability to address real world challenges. Future research would benefit from simplification, visualization
and collaboration at the earliest development stages of next level DES models.
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Abstract: In 2017 the total timber volume transported by trucks in Finland was nearly 48 million solid
cubic metres and the corresponding transport cost 326 million euros. Therefore, it is of utmost
importance that transport is cost-efficient. In order to minimize driving time of a single truck, a
prediction model for truck speed in varying driving conditions is needed. Likewise, there is growing
interest to minimize fuel consumption and, thus, GHG emissions arising from transportation. In this study
prediction models for timber truck speed and fuel consumption will be derived. A one-year follow-up
study of 13 timber trucks was started in April 2018. Data on timber truck speed and fuel consumption are
being extracted from the trucks’ CAN bus at 10-minute interval. The 76-t trucks are operated in Southern
and Central Finland by three entrepreneurs. Auxiliary data explaining driving conditions will be spatially
joined with the CAN bus data and statistical models for predicting driving speed and fuel consumption
estimated. Potential explanatory variables include gross vehicle mass, functional road class and
attributes describing road geometry. Preliminary results have indicated correlation between the response
and explanatory variables.
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Abstract: In recent decades, forest owners as well as logging and transport companies have become
increasingly under pressure due to developments in the forestry sector. The desire for high productivity to
keep the cost of timber harvesting low and to improve operations led to an increasing mechanization of
timber harvesting systems. Often not only the productivity of timber harvesting systems causes problems,
but also the inadequately coordinated transport of produced timber. In whole-tree cable yarding operations
with processing of the trees at the forest road, transport must be well coordinated to avoid standstills of the
harvesting system or trucks. Therefore, proper harvest and wood transport planning is essential to carry
out efficient and cost-effective operations. In recent years, agent-based simulation (ABS) has become a
widely used tool for analysing problems and solving different issues. In this study, an ABS model is created
for the harvesting process with cable yarder in whole-tree method and subsequent the transport of the
harvested wood to the sawmill, paper mill or heating plant. Within the ABS model, the impacts of
technological changes, the introduction of information and communications technology (ICT) systems, the
influence of unfavourable weather and the availability of trucks on the performance and costs of the whole
system are analysed. A case study with example data is carried out, and through parameter variation,
different iterations (i.e., scenarios) are simulated with 50 replications each and subsequently analysed. The
harvesting process includes 150 yarding lines at 65 different locations with 52,500m’ of wood. The case
study shows that all analysed parameters interact, but increasing the storage capacity at the forest road
and timely information flow between yarders and trucks decreases the cost of standstills in each scenario
most. Summarized, it can be said that ABS is an appropriate tool for simulating harvest and transport
operations in the forestry sector. Through ABS models, recommendations for proper harvest and wood
transport planning can be derived and possible bottlenecks can be determined.

Keywords: agent-based simulation, cable yarding, wood transport, logistics, ICT

1 Introduction

Forest simulation models have been available since 1965 at least when Gould and O’Regan (1965) created
one of the first forest management simulation models. Since the beginning, simulation models have been
developed to serve as decision aids and training tools in forest resource management (Pelz 1977). The main
focus of forest simulations at that time was on the management of forest land and not on operations research.
itself.
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One of the first discrete event simulation (DES) model that took the logging system into account was created
by Johnson and Fischer (1978), who analysed alternative methods of residue recovery. Today, within the
forest sector, there are many studies applying DES to solve practical problems (e.g., Gronalt & Rauch 2018,
Windisch et al. 2015, She et al. 2018, Asikainen 2010, Eriksson et al. 2017, Vaitiinen et al. 2005). Besides
DES and System Dynamics (SD) agent-based simulation (ABS) is a relatively new method, which has
already been used to investigate different forestry issues (e.g., Korpinen et al. 2019, Aalto et al. 2018, Holm
et al. 2018, Huff et al. 2015, Kostadinov et al. 2012).

ABS focuses on individual objects, their behaviour and how they interact. This means that the behaviour
of the global system comes from the communication of many individual objects, which all follow their own
behaviour rules (Borshchev & Filippov 2004). In the forestry operation decision problems, there are nearly
always different individual objects (i.c., agents) that interact with each other and their environment. Often,
problems are very complex and a good solution is hard to determine.

Whole-tree cable yarding with processing of the trees at the landing (i.e., forest road) is challenging with
limited space in mountainous regions. To avoid running out of space in such operations, timely and well-
coordinated transport of the harvested wood is needed. External factors like weather conditions,
breakdowns and demand variations or delays in information flows impact the logistics as well and may lead
to a standstill for the whole supply chain. About 10 years ago, Heinimann (2007) identified that one future
challenge in forest operations would be to support distributed, coordinated decision making through ABS
techniques. This study aims to verify if ABS could be an appropriate method to simulate and assess cable
yarding and transport operations at the same time and to support decision makers with selecting technology,
capacity planning, and yarder and truck scheduling,

The goal of this study is to create an ABS model to simulate yarding and processing whole trees with cable
yarders and processors and subsequent the transport of harvested wood to sawmills, paper mills or heating
plants. Within case scenarios, different influencing factors and their impact on waiting times of trucks and
yarders as well as on costs and the overall performance of the system are analysed. Altogether the
simulation should show possible bottlenecks and derive recommendations for an advanced harvest and
wood transport planning. In detail within this work the influence of

technology change in the harvesting operation,
information flows,

the number of available trucks and

weather conditions

L=

and their impact on waiting times and costs are examined. Beside proofing ABS to be an appropriate tool
for simulating harvesting and transport operations, the focus of the attempts aims to provide a training tool
for decision makers and students.

2 Material and methods
ABS model creation and implementation happened in the simulation software ‘AnyLogic 8 University
8.3.2’. The statistics software ‘R’ (R Core Team 2018) is used to analyse and plot the output data from the

simulation model.

2.1 Simulation model

2.1.1 Basic concepts

The purpose of the model is to simulate the harvesting operation with cable yarder in whole tree method
with processing of the trees at the forest road and subsequently transporting the harvested wood to the
sawmill, paper mill or heating plant. The initial locations of the different agents and their characteristics
like productivity, storage capacity at the forest road, loading capacity of the truck, amount of wood per
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yarding line and other yarding line characteristics are set by the user to study the behaviour of the whole
system and analyse waiting times for trucks and yarders. By varying the four selected parameters:

storage capacity at the forest road,
timing of information flow,
number of trucks,

and weather

their influence on waiting times, costs and overall performance can be determined. The following steps
summarize the process workflow of the simulation model:

1. According to the input variables, yarding lines, yarders, trucks and sawmills are placed in a spatial
model environment.

2. Yarders move to yarding lines to harvest wood.

3. Trucks move to the storage at the forest road to load the harvested wood.

4. Depending on the assortment, trucks transport the wood to the sawmill, paper mill or heating plant.

As it is nearly impossible to create a model that will exactly represent the system under investigation,
assumptions must be made and boundaries set. So contrary to real world, trucks are always fully loaded
with exactly the same amount. Weight restrictions and road blocks are not considered. Furthermore, delays
resulting from heavy traffic are excluded. There is no temporary storage site for the wood available except
at the yarder landing. Mandatory legal breaks and sickness rates for truck drivers and forest workers are not
considered. Breakdowns of machines are also not included within the current simulation model.

2.1.2 Agents, scales and model initialization

Agents and objects can be nested in the model environment. So, eight agents as well as a spatial model
environment based on Open Street Map are placed within the top level agent (i.e., ‘Main’) (Figure 1).
Agents are either defined as single agents or as a population of agents (Table 1). ‘“Trucks’ are associated
with the ‘HomeTruck’ agent who assigns truck orders (dispatcher). ‘Yarders’ are associated with the
‘HomeYarder’ agent (head of harvesting operations) who dispatches the ‘Yarders’ to the “YardingLines’.
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Figure 1: Example for different agents placed inside the spatial model environment
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Table 1: Overview of the individual agents with their description and size

Agent Description Size

Main Top level agent Single

HomeTruck This agent is the owner of the trucks. It is the home location for the trucks  Single
and takes the role of truck order assignment (the dispatcher).

Trucks Each agent of this population represents a single truck. A single agent within ~ Population
this population is called ‘Truck’.

HomeYarder This agent is the owner of the yarders. It is the home location for the yarders ~ Single
and assigns the yarding lines to them.

Yarders Each agent of this population represents a single yarder. A single agent Population
within this population is called ‘Yarder’.

YardingLines Each agent of this population represents a single yarding line. A single agent Population
within this population is called ‘YardingLine’.

Sawmill This agent represents a sawmill, to which all round wood is transported. Single

Papermill This agent represents a paper mill, to which all industry wood is transported. ~ Single

HeatingPlant This agent represents a heating plant, to which all energy wood is Single
transported.

The start date for the simulation is defined as April 1, 2016. Minute-based time steps are chosen for the
simulation model, and no fixed time horizon is defined. The end of the simulation is reached if all of the
wood is harvested and transported. Agents’ positions and characteristics can be set in a spreadsheet, which
is read in at the initialization of the simulation environment. ‘Trucks’ and “Yarders’ can move in the GIS-
Environment. At the beginning, ‘Trucks’ and ‘Yarders’ are placed at the location of their owners
(‘HomeTruck’, ‘HomeYarder’).

2.1.3 Scenario analysis and parameter variation

Testing the model’s functionality and the effects of parameter changes were carried out using conceived
harvesting data. The assumptions made for the input data are based on personal experience, common
information and published literature. One-hundred and fifty yarding lines on 65 different stands were
randomly distributed spatially over the state Carinthia in Austria. In total, about 52,470 m3 of wood were
supposed to be harvested on this 150 yarding lines with 4 yarders. The average volume per yarding line is
350 m®. The productivity was calculated according to Ghaffariyan et al. (2009), where 90% of the values
are between 6.7 m*/PSH;s and 10.5 m*/PSH;s. The mean corridor length is about 360 m, and 90% of the
storage capacity at road values are between 82 m® and 136.7 m3. Round wood averaged the highest for the
share of the assortments at 70%, followed by industrial wood at 25% and energy wood at 5% (Table 2).

Table 2: Descriptive statistics of selected input data for the 'YardingLines'

Variable 5% Quantile  Mean Median 95" Quantile SD N Unit
volume 131.75 349.80 332.25 635.45 158.40 150 m3
treeVolume 0.61 1.08 1.04 1.59 0.32 150 m?
productivity 6.66 8.61 8.67 10.49 1.20 150 m’/PSHis
corridorLengths 147.95 358.63 351.5 565.10 126.23 150 m
capacityAtRoad 81.74 109.97 109.14 136.73 16.97 150 m?
roundWood 61.00 70.00 69.00 79.00 5.90 150 %
industrialWood 14.00 25.00 25.00 36.00 6.80 150 %
energyWood 0.00 5.00 5.00 10.00 3.20 150 %

Four parameters (Table 3), which ca be changed by the user, are added to determine their impact on waiting
times and costs. The ‘capacityRoadFactor’ parameter modifies the available storage capacity for yarders at
the forest road. Most cable yarders are combined with processors. This means that the crane with the
processor is mounted on the yarder’s carriage platform and is not detachable. The ability to store processed
timber is therefore limited by the boom reach. Alternatively, mounting the processor on a separate machine
like an excavator increases storage capacity at the forest road as it not limited by the boom reach and can
move during the operation. The ‘shareForCallingTruck’ parameter is used to adjust the timing of the truck
order. For example, a value of 0.5 means that a truck order is sent as soon as 50 % of the storage capacity
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at the forest road is reached. The ‘numberOfTrucks’ parameter allows changing the number of available
trucks. For defining whether weather data are included, the ‘unfavourableWeather’ parameter is used.

Table 3: Parameters for creating different scenarios with description and necessary data type

Parameter Description Data Type

capacityRoadFactor Modifies capacity available at the landing (forest road) for storing Double
the harvested wood

shareForCallingTruck Defines at what amount of wood at the forest road a truck should be Double
ordered to transport the harvested wood

numberOfTrucks Modifies number of trucks, available to transport the harvested Integer
wood

unfavourableWeather Defines if there is unfavourable weather (1) or no unfavourable Integer
weather (0)

By varying the four parameters (Table 4), 440 different scenarios were created and analysed. For each
scenario, 50 replications were carried out, which resulted in 22,000 simulation runs. For each simulation
run, waiting times for the yarders and waiting times for the trucks were recorded and exported to a
spreadsheet.

Table 4: Minimum, maximum and step size for parameter variation

Parameter Minimum Maximum Step Size
capacityRoadFactor 1.0 2.0 0.1
shareCallingTruck 0.5 0.9 0.1
numberOfTrucks 3.0 6.0 1.0
unfavourableWeather 0.0 1.0 1.0

3. Results

3.1 Waiting times

Waiting times for ‘Yarders’ are lowest with six trucks at a doubled storage capacity at the forest road
(capacityRoadFactor = 2) and with an early information flow (shareCallingTruck = 0.5). In this best-case
scenario, unfavourable weather is not included (unfavourableWeather = 0). The mean waiting time for
“Yarders’ for the best-case scenario over the 50 replications is 23.3 h with a standard deviation of 4.3 h.
For the best-case scenario, 90% of the waiting times for ‘Yarders’are between 16.3 h and 29.4 h. The worst-
case scenario for waiting times is with three trucks, with no increased storage capacity at the forest road,
late truck ordering behaviour and unfavourable weather. The mean waiting time for ‘Yarders’ in the worst-
case scenario is 2937 h with a standard deviation of 71.1 h. For the worst-case scenario, 90% of waiting
times for ‘Yarders’ are between 2844 h and 3064 h (Table 5).

Table 5: Descriptive statistics for waiting times (h) for 'Yarders' for best- and worst-case scenarios and associated
parameters

number share capacity

th th
Scenario un{:’vo?ﬁ‘ able Of Calling Road S il Mean SD 95 6l
cather Trucks Truck Factor Quantile Quantile
Best-case 0 6 0.5 2.0 16.3 233 43 294
Worst-case 1 3 0.9 1.0 2844.0 2937.0 71.1 3063.8

The best-case scenario for waiting times for ‘Trucks’ is with four trucks, early information flow
(shareCallingTruck =0.6) and an almost doubled storage capacity at the forest road
(capactiyRoadFactor = 1.9). The mean waiting time for ‘Trucks’ for the best-case scenario is 151.1 h with
a standard deviation of 12.1 h, and 90% of the values in 50 replications are between 133.8 h and 171.1 h.
For the worst-case scenario, the average waiting time for ‘Trucks’ is 4978.3 h with a standard deviation of
45.1 h. The worst-case scenario is with six trucks, late information flow (shareCallingTruck =0.9) and
standard storage capacity at the forest road (capacityRoadFactor = 1) (Table 6)
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Table 6: Descriptive statistics for waiting times (h) for 'Trucks' for best- and worst-case scenarios and associated
parameters

number share capacity

Scenario un\f:}vo?l:‘ able of Calling Road 5" il Mean SD 95“;.1
cather Trucks Truck Factor Quantile Quantile

Best-case 0 4 0.6 1.9 133.8 151.1 12.1 171.1

Worst-case 1 6 0.9 1 4885.2 4978.3 45.1 5038.5

3.2 Costs for Waiting Times

System costs of 196 €/PSH;s are calculated for “Yarders’ and system costs of 98.4 €/PSH;s for ‘Trucks’.
To determine only the costs for waiting times, fixed costs are used from the cost calculation. These fix
costs, which are 141.1 €/PSH;s for ‘Yarders’ and 64.3 €/PSH;s for ‘Trucks’, are then multiplied by the
waiting times. This shows which combination of parameters keeps the costs lowest. In the best-case
scenario with four trucks, early truck order behaviour (shareCallingTruck =0.5) and doubled storage
capacity at the forest road (capacityRoadFactor = 2), the average costs for waiting times are 0.74 €/m’.
Over all 50 replications in the best-case scenario, 90% of the values are between 0.68 €/m> and 0.81 €/m>.
The worst-case scenario shows up when there is unfavourable weather considered, truck orders are placed
very late (shareCallingTruck =0.9), the capacity at the forest road is not increased
(capacityRoadFactor = 1) and only three trucks are available. The worst-case scenario costs on average

9.47 €/m’. Over 50 replications for the worst-case scenario, 90% of the values are between 9.23 €/m? and
9.80 €/m? (Table 7)

Table 7: Descriptive statistics for the costs of waiting times for 'Trucks' and "Yarders' (€/m?) for the best- and worst-
case scenarios and associated parameters

number share capacity

Scenario un‘f:’vo?l:‘ able of calling Road 5" il Mean SD 95“;.1
cather Trucks Truck Factor Quantile Quantile

Best-case 0 4 0.5 2 0.68 0.74  0.04 0.81

Worst-case 1 3 0.9 1 9.23 947 0.19 9.80

Costs for waiting times can be significantly decreased by increasing the storage capacity at the forest road.
Especially with only three trucks, costs can be decreased by about 3.75 €/m* by doubling the storage
capacity at the forest road. With five or six, an increase in the storage capacity at the forest road does not
have such a strong impact on cost (Figure 2a). Early truck ordering always helps keep costs down.
Depending on the number of trucks, late truck ordering can increase costs by 1 €/m® up to 2 €/m? if only
the standard storage capacity at the forest road is available (Figure 2b).
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Costs for Waiting Times of Trucks and Yarders iEuml‘mJ)
w
&
b
Costs for Waiting Times of Trucks and Yarders iEuml‘m‘\l
w

1.0 1.2 1.4 16 1.8 20 0.5 oy (K]

capacityRoadFactor shareCallingTruck

(a) (b)
Figure 2: Costs for waiting times for ‘Trucks’ and ‘Yarders’ depending on the number of trucks and storage capacity
at the forest road (a) and costs for waiting times for ‘Trucks’ and ‘Yarders’ depending on the number of trucks and
timing of truck orders (b) — unfavourable weather is not included

Including unfavourable weather in the simulation does not have a substantial impact on the progression of
the cost curves. There are only some small differences. For example, the curve for three ‘Trucks’ cuts the
curve for six ‘Trucks’ slightly later (capacityRoadFactor = 1.6) than the curves without unfavourable
weather data (Figure 3a). Also with ‘shareCallingTruck’, unfavourable weather does not change the
progression of the curves (Figure 3b). However, costs are on a higher level when unfavourable weather is
included.

shareCalling Truck = 0.5, unfavourableWeather = 1 actor = 1; =1

numberOfTrucks 3= 4 5—8 numberOfTrucks 3= 4 §=8

Costs for Waiting Times of Trucks and Yarders iEuml‘m‘\l
El @
<
<
Costs for Waiting Times of Trucks and Yarders iEuml‘m“p
El @

1.0 1.2 1.4 16 1.8 20 0.5 07 0.9

capacityRoadFactor shareCallingTruck

(a) (b)
Figure 3: Costs for waiting times for ‘Trucks’ and ‘Yarders’ depending on the number of trucks and storage capacity
at the forest road (a) and costs for waiting times for ‘Trucks’ and ‘Yarders’ depending on the number of trucks and
timing of truck orders (b) — unfavourable weather is included

Depending on the scenario, unfavourable weather can cause additional costs between 2 €/m? and 3.5 €/m’.
Increased storage capacity at the forest road can minimize the influence of unfavourable weather on costs
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(Figure 4a). Earlier timing of truck orders (e.g., shareCallingTruck = 0.5) minimizes the influence of
unfavourable weather on costs only slightly (Figure 4b).

shareForCalling Truck = 0.5 capacilyRoadFaclor = 1
numberOfTrucks 3=—4q 5§— 8 numberOfTrucks 3=—4q 8§ =8

Additional Costs caused by unfavourable Weather (Euroim’)
Additional Costs caused by unfavourable Weather (Euroim’)

1.0 1.2 14 16 1.8 20 0.5 oy (K]

capacityRoadFactor shareCallingTruck
@ | (b)
Figure 4: Influence of unfavourable weather on costs of waiting times for ‘Trucks’ and ‘Yarders’ depending on storage
capacity at the forest road (a) and influence of unfavourable weather on costs of waiting times for ‘Trucks’ and
‘Yarders’ depending on timing of truck orders (b)

4 Conclusion

An ABS model was created using the simulation software ‘AnyLogic 8 University 8.3.2°. This model
simulates the harvesting operation with cable yarder in whole tree method with processing the trees on the
forest road and transporting the wood harvested to the industry (i.e., sawmill, paper mill or heating plant).
In total, 150 different yarding lines were supposed to be harvested with four cable yarders on 65 different
stands with 52,470 m*® wood randomly distributed over the state of Carinthia, Austria. Other necessary data
to be input in the simulation model are based on assumptions, personal knowledge, common information
and published literature. Based on the conceived data, the model functionality was tested and the effect of
four different parameters was analysed regarding waiting times of yarders and trucks, operation times and
costs. The study shows that it is possible to use ABS to simulate harvesting and transporting processes in
the forestry sector.

In particular, a technological change in the harvesting equipment, the availability of different numbers of
trucks, varied timing of information flows and the influence of unfavourable weather were analysed. The
results show that all four parameters can influence waiting times and costs.

To test the model, 440 different scenarios were created. For each scenario, 50 simulation runs were carried
out. Waiting times for yarders were found to be lowest at 23.3 h when there were six trucks, doubled storage
capacity at forest road, no unfavourable weather and early information flow. The lowest waiting times for
trucks was 151.1 h when there were four trucks, doubled storage capacity at the forest road, no unfavourable
weather and early information flow.

As costs for waiting time differ between machines, analysing waiting time only falls to short. Therefore,
fixed costs for trucks and yarders were multiplied by the waiting times to make statements about the entire
system costs. The simulation showed that the lowest costs for waiting times of yarders and trucks were 0.74
€/m?, while in the worst-case scenario, costs of up to 9.47 €/m? can occur. In the best-case scenario, there
are four trucks, doubled storage capacity at the forest road and early information flow. Of course,
unfavourable weather is not included in the best-case scenario. When including weather conditions, costs
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increase up to 3 €/m®. This means that unfavourable weather causes additional costs of about 2.25 €/m? for
the best-case scenario.

In conclusion, ABS is a powerful method for analysing the behaviour of different systems. Much more can
be examined than was done in this study. The quality of the input data is important for the results of
simulation studies. Therefore, future studies should not only focus on modelling such systems, but also on
collecting reliable input data.
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Abstract: FastTRUCK, a heuristic optimization truck scheduling tool was used to evaluate four sets of
transport scenarios relating to trucking activity in two regions of New Zealand. The purpose of the
evaluations was to compare actual with predicted performance metrics for a typical day and to
demonstrate the versatility of the truck scheduling tool. The scenarios included a base case scenario
similar to trucking activity on a representative day, a scenario with fewer trucks, a scenario with
additional night-and-day trucks, and a scenario with additional trucks based in one of the regions.
Solution times were generally obtained within 5 to 7 minutes, once the scenarios were set up.

The validity of time data supplied by a forest company and used in the model was first undertaken.
FastTRUCK predicted average waiting times of up to 64 minutes per day per truck. Under these
predicted conditions the 173 tasks could not be completed. Modelling the scenarios with shorter load and
unload times, and no waiting at customer sites yielded solutions that would complete all 173 tasks with 54
or 55 trucks.

Adding extra night-and-day trucks, or locating extra trucks at one of the regions led to increases in the
number of tasks completed (i.e., loads delivered) and the predicted run loaded percent for those scenarios
where waiting time was included. However, when no waiting time at customer sites was assumed, the
extra trucks did not lead to improvements in task completion or run loaded percent.

A number of recommendations were made to improve the utility of FastTRUCK for use by the forest
company.
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Abstract: Actors of the French wood transport sector are working together on a common forest roads
database project. France is indeed confronted to a complex context in this field: specific and non-uniform
regulation on the territory, no national database that would allow to share information between public and
private stakeholders and would serve as a reference for the calculation of transport distance...

Over the last decade, several regions created local forest roads databases. These disconnected initiatives
sought to respond to local needs (mountain areas, fire protection, etc.) but did not address interoperability
imperatives for their future use. A national project, gathering forest companies, wood transporters, public
operators and data managers, was launched in 2018 by FCBA and the French National Geographic
Institute. Thanks to a methodology based on stakeholders’ engagement, exchanges, case study of existing
experiences and bibliography, a data standard is now published’.

A collaborative tool has been released in July 2019. It serves 3 purposes: updating forest roads data,
sharing and collecting feedback. This tool includes several modules, to access the database but also to
report inconsistencies on the network or the very existence of un-characterized forest roads in a certain
area. In the future, other types of tools could be developed and added to the national dynamic, some of
which have already been tested on French territory, such as “qualification by use”.

This “qualification by use” principle was tested in the French Alps by FCBA. This approach makes it
possible to collect a large amount of information about a road thanks to the installation of GPS in the
trucks. An automatic process has been created and tested to analyze the data. Results demonstrate it is
possible to digitalize the infrastructure and qualify each road segment in terms of speed, status, problems
(bottlenecks, infrastructure inconsistencies...) or frequency of use. All these outputs and the collaborative
national approach are a first in this field in France and represent a major step forward for the improvement
of wood transport and logistics for the national forest-based sector.

Keywords: transport, forest-road database, standard, qualification

! Standard can be downloaded here: http://cnig.gouv.fr/?page id=18535



1. Introduction

Forest roads are a strategic infrastructure for the development of the forest-based sector. Accessing forests
is essential to implement sustainable forest management and valorization (forestry work, logging, etc.),
hence securing the supply of renewable raw material (wood material and biomass) and enabling the renewal
of forests. In France, it is estimated that more than 900 companies (in 2015) operate in the field of
roundwood transportation. These companies, mostly SMEs of less than 20 employees, transport more than
95% of roundwood volume in France with an average supply radius of 95 km (on the rise during the recent
years). However, despite the strategic importance of this link in the chain, there is no shared database
describing the road network. Both industry and public authorities are missing a centralized reliable
reference.

Over the last decade, many initiatives arose at regional levels but the lack of consultation resulted in the
different communities coexisting as silos. In some areas those initiatives produced operational tools, other
prototypes were not updated and phased out. Some approaches rely on experts’ opinions to qualify and
describe the network, others are based upon observation of uses. All these initiatives and their limitations
kept highlighting the need to set up a long-term national tool with all stakeholders in the sector. In 2017, a
common project was launched to meet that goal at the national level. Based on a collaborative dimension
and the co-development of new information and communication technologies, this project also learns from
similar experience in neighboring countries.

2. The construction of a national dynamic

For several years, a community of different users and actors of forest roads database has been in place in
France. Gathering both public and private forest stakeholders, geographic data provider, service providers
and public authorities, this group works on solutions to structure and mutualized information.

In 2012, work was carried out by IGN (French National Institute of Geographical and Forest Information)
and FCBA to define common specifications. A collaborative platform prototype was developed and tested
in Lorraine with 15 local actors of the round wood transport sector. This first national project demonstrated
the benefits of association between the mapping and database expertise (IGN on the one part) and industrial
and business expertise (FCBA on the other part). A market study helped describe the specific needs of
stakeholders for a tool with:
- Secure access.
- Fast and intuitive use.
- Responsive design (can be used on mobile, on tablet or smartphone).
- Operational in offline mode.
- Provide navigable instruction.
- Updated regularly.
- Interoperable for organizations (data can be integrated in local GIS).
- Collaborative approach for users to :
o Consult different layers of data (roads, orthophoto, topo map, equipment, physical
constraints)
o Draw on maps and generate plans.
o Carry out surveys in the field, and be able to make entries to report information on the
service.

In 2017 a major step was taken when four organizations? (public and private) decided to pursue with a joint
national project. The first phase, co-coordinated by FCBA and IGN aims at coproducing the shared and
collaborative national database.

2MAA (Ministry of Food & Agriculture), COPACEL (French Union of Cardboard, Paper and Cellulose
Industries), FBF (National Inter-professional association of the forest-wood sector) and CODIFAB
(Professional Committee for the Development of French Furnishing Industries)
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An overview of all pre-existing regional initiatives was completed: both still on-going ones and past major
initiatives from which pitfalls needed to be understood. One important output was the up-to-date, accurate,
detailed and homogenized inventory of pre-existing forest roads databases in the different regions. This
provided a first base for standardization discussions. 16 local initiatives were studied, including 2
international approach (Switzerland and Germany). For each of them a detailed report described technical
information (data collected, area covered, qualification and digitalization methods...) and general
information (financers, contributors, data managers, governance, conditions of access, centralization
process, services offered...) was shared with all the partners in the volunteer community.

Based on all the data collected in the first step, a special working group was gathered under the legitimate
umbrella of the French National Geographic Information Council (CNIG). The mission of this group was
to establish a common standard to describe all information needed in a forest roads database. The
specifications were confronted with this group of users in order to validate a data model consistent with the
contexts of use and expected levels of precision. More than 30 people, representing 20 different
organizations took part in the 3 different meetings. At the end of this unique collaborative approach, all the
users agreed on a standard (http://cnig.gouv.fr/?page_id=18535) to describe two types of roads:

1. Roads authorized by prefectural decree for the transport of roundwood.
Generally, on the national road network, the authorized gross vehicle weight (AGVW) is limited to 44
tonnes, excluding specific limitation. The maximum length is 16.5 m for articulated vehicles. A specific law,
allows by derogation to increase the AGVW up to 48 or 57 tonnes under certain conditions of equipment
(number of axles) and some roads.

2. Roads connecting to the storage places in forests (forest roads).

The standard also makes it possible to characterize the equipment related to the transport of wood (storage
place, turnaround, etc.) as well as traffic constraints (steep slope, height restrictions related to a work of art,
etc.).

The standard is divided in three themes: Road Section (42 attributes, including 31 mandatory ones),
Equipment (13 attributes, including 8 mandatory ones) and Stress Point (25 attributes, including 15
mandatory ones).

Storage ploce
Turnaround POINT Steep slope > 10%

Crossing area s LT Lace
First ald meeting point - ; ' Tunnal
Fence = o . Bridge
arley Degradation
: ] Ford or write off
Railroad Crossing
Thaw barrier

Obstacle
Temporary closure

FOREST-ROAD
DATA

FOREST-ROAD DATABASE
NATIONAL SPECIFICATIONS

Public Specific Road (ITIBR)

. . CONSEIL NATIONAL DE
Forest Road

L'INFORMATION GEOGRAPHIQUE

LINEAR

Figure 1 Structure of the national specification regarding forest-road database
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In order to collect and share this information on a national level, an online web-tool has been developped.
The latter provides an environment where the data model can be implemented, on the geometry of the
RGE?, in order to initialize the national forest-roads database.

As to August 2019, this work by IGN is still in acceptance testing. By December 2019, the tool will be
online with all information regarding the specific public roads (authorized by prefectural decree). The forest
roads part will be implemented in a collaborative way by and through the contributions all the users during
the second phase of the project (2020 —2021).

3. Exploring the qualification by use

With a common standard and a central database defined at national level, all actors can now carry out the
qualification of the network. This collaborative approach can possibly be undertaken in many different
ways and the online web-tool is one of the solutions. In order to study different possibilities, FCBA ran
some tests with a group of transportation companies in the French Alps.

This approach is based on the monitoring of uses and practices. One significant advantage is that it does
not require time or direct actions on the part of carriers. Sensors monitor the activities of a truck (one GPS
beacon with data transmission and an embedded video recorder) and feed the system with information
derived from the use the vehicule makes of the network. This approach provides information on: stress
point, accessibility class of the roads, travel times, average speeds over a given road segment... However,
such system would generate a considerable amount of data, hence requiring a methodology and a treatment
process.

Processing was broken down into 3 phases: the design of the computer processing (taking into account all
possible case studies), the implementation of this code and the detection of measurement errors by
analyzing position of the point and speed profile of the data.

The tests used a data set transmitted by 7 different trucks during 11 months in 2017.

At the end of the test period, more than 5 million GPS points were recorded or about 524 days of activity.
The majority of carriers have left the beacon plugged-in continuously. No complaint was filed by the
carriers about the feeling of "big brother". The beacon was quickly integrated into their environment and
routine.

More than 550,000 measurement points were located within the study area (less than 25 m from a forest)
and resulted in the qualification of approximately 10,000 sections of road. In total, after this first
experiment, 1,250 km of service were qualified over the 25,000 km that included the database serving input.
Thus, 5% of the network could be qualified with a fleet of 7 vehicles operating for a total of 524 working
days. Sections with less than 10 measurement points were not included in these figures.

This qualification progressed quickly, % of these 1,250 km were mapped and characterized for the first
time within less than 3 months of monitoring. Subsequently, one enters a slower phase or the continuous
network to be qualified, but where unmeasured section discovery is less frequent. The graph below clearly
shows these two phases of "discovery" and then of complementary "collection".

3 RGE = french large scale repository databases (including orthophotographic, topographic and altimetric
data)
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Time evolution of the amount of kilometers qualified in the
study area (at least 1 truck on the section)
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Figure 2 Amount of kilometers qualified over time

The approach is all the more significant when we focuses on a specific geographic area. It turns out that
half of the beacons had for main sector of intervention: the massif of Chablais (Haute-Savoie, France). In
this sector, 3 beacons have been active for 11 months. It has been possible to qualify 810 km representing
30% of the network.

Data collected about the speed also provides very useful information for planning and route analysis. These
measurements allow us to obtain a precise travel time for each section of the database and thus guarantee a
reliable estimate for business applications such as the optimization of transport orders or GPS guidance.

4. Conclusion and next step in the French community.

Collaborative work carried out at the national level is good fortune for further development in France. A
network of active and participative actors is now in place, guaranteeing progress in the future. Some aspects
have yet to be studied within the community to reach a consensus: the long term business model of the
national base is still under discussion; access to open source data raises concerns about the hypothetical
misuse of the database for recreational purposes or against the wishes of private forest owners...

However, the regional initiatives and the opportunities presented by new approaches, such as the
qualification by use, suggest positive ways to implement the national base. Next septs will be to carry on
the deployment of the first tools and support the regional approach in a dynamic of sharing and
collaboration.
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Abstract:

“Wall of Wood” is the name of the most significant supply chain stress for the forestry industry in this decade in
New Zealand. The volume of the harvestable timber doubles from 2016 to 2026. Among all the logistics
problems the lack of labour is the most significant one. The issue is current; sometimes, trucks cannot leave the
yards because of lack of drivers. The general unemployment rate is low. Besides, the expertise, availability and
the need do not meet. New Zealand is the largest log exporter in the world, and about 50% of the timber sold
without further domestic processing. The government targeted higher value-added forestry industry that also
needs new solutions.

Our study suggested a container terminal investment that would take off 18 thousand trucks off the roads
annually, improve safety, and reduce the transportation costs in the Bay of Plenty Region. Discrete event
simulation and economic analyses were combined to define the recommended technology, and the cost and
benefits of the suggested solution. Uncertainty and sensitivity analyses were used to identify the risks and the
most critical factors of a successful project.

Based on the study the Kawarau container terminal project got financed, and the new supply chain will be
established.

The presentation includes the problem description, the applied methods, the conclusion, and most importantly
the collaboration with the different industries and stakeholders like local government and Maori.

Keywords: Labour shortage, Supply chain, Logistics, Container terminal

1. Introduction

The logistics implications of the inclusion of a container packing and rail transhipment terminal in Kawerau
were assessed in this study. The project conducted a field survey on container logistics in the Eastern Bay of
Plenty and developed discrete event simulation modelling tools to simulate different scenarios.

The majority of exporters currently have no access to rail services for containers and operate in a relatively
fragmented fashion to move their products to the port in the Bay of Plenty. Currently many exporters transport
their products by road to storage areas at Mount Maunganui where it is containerised and then trucked to
Sulphur Point’s container wharf. Alternatively, exporters transport empty containers by road to their
manufacturing site, pack the container on site and then truck it back to Sulphur Point. This comes at a significant
cost and time expense for exporters. It also contributes to an increased number of heavy truck movements on
State Highway 2, which has negative social and environmental impacts.

The baseline model was used to run a series of scenarios aimed at examining the impact of various levels of
container volumes through the terminal. The results indicate the need for several key clients to commit towards
the terminal’s operation before its establishment could be justified. There is potential for a moderately
significant seasonal volume of products to use the terminal, which will have waiting time implications for
terminal users during certain peak times of the year.
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2. Materials and Methods

2.1. Data Collection

Following an initialisation meeting exporters who had previously expressed an interest in using the proposed
terminal were invited to participate in a questionnaire survey. Exporters were asked to complete the
questionnaire and to participate in a discussion concerning their organisation’s operations and requirements. In
total 18 exporters were invited to participate, 17 responded and 14 completed the data collection. Non-
participating exporters were not completely disregarded and best-estimate volumes were assumed in some of the
modelled scenarios.

Kiwirail, Port of Tauranga, Port of Auckland, some shipping lines and trucking companies were also engaged in
order to gather further information and data.

2.2. Model development

A baseline discrete event simulation model was developed in ExtendSim® in order to represent the logistics
system in the region. The model was tested against the opinions of exporters and other stakeholders who are
familiar to the current operations. This was an iterative process that continued until all the major problems in the
model were eliminated. The model was also used to perform sensitivity analyses. The sensitivity testing was
presented during a stakeholder meeting and feedback was further incorporated into the model. This baseline
model makes many assumptions (see below). Not all the assumptions are reported.

2.3. Sensitivity Analyses

The model was tested for sensitivity to the following changes in variables:

=  Cost changes in Packing

=  Cost changes in Storage

=  Cost changes in Rail freight

=  Cost changes in Road freight

= Number of exporters packing at Kawerau
= Truck size and/or weight limits

= Number of wagons per train limits

= Number of Trains available to the terminal

2.4. Important Model Assumptions

The model makes a number of assumptions and requires a number of variables to be fixed. The results should be
read with these assumptions in mind. A comprehensive outline of the model’s cost assumptions can be found in
Appendix A, the major system assumptions are outlined below

=  Exporters either use trucks or the terminal to pack and tranship their containers (i.e. no combination of
operations per exporter was simulated).

=  The model did not consider common costs, such as marshalling and stevedoring that apply regardless
of the container’s pathway.

= A free storage period of 7 days at the container terminal was assumed, after which a nominal daily fee
is charged for each container in storage.

= The cost of the train is underwritten by the terminal.

= Rail freight prices were based on Kiwirail provided data, as per agreement with Kiwirail the details are
not disclosed.

= Assumed costs are conservative and where possible include a profit margin for intermediate parties.

2.5. Scenario Descriptions

The model was used to examine 13 scenarios. The model is stochastic and each scenario simulation was
replicated 20 times. A simulation is representative of a three month period. Initial conditions for each run was
randomly seeded. All results should be interpreted while considering the model assumptions, simplifications
summarised and sensitivities reported in Appendix A and B. Table 1 outlines the specific scenarios that were
examined.
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Table 1: Scenarios explained and detailed outline

Scenario . Annualised Weekly Train | Packin
Explanation Volume  (~ | . . o
Name . information g%
containers)
1 1 1lict 0,
Best Case Thls~scenar10 represents all 18 exporters fully utilising the 33,147 10 full trains 21%
terminal
- - - - —— S
Most Likely | This scenario represents the more l.1kely scenario with 15 18,454 7 full trains 21%
Case out of 18 exporters utilising the terminal
Worst Case This scenario represents a low use scenario 12 out of 18 21%
. exporters using the terminal. This scenario models a | 10,092 5 light trains 0
Premium R s . . .
premium in order to maintain a daily train service
This scenario represents a low use scenario 12 out of 18 21%
Worst Case | exporters using the terminal. This scenario models a move | 10,092 3 full trains °
to an alternative day train service with no price premium
- - - — o
Winter This scenario represents the seasonal impact of the July 19608 7 full trains 21%
September Quarter
3 o 1 0,
Spring This scenario represents the seasonal impact of the October 17696 7 full trains 21%
- December Quarter
Summer This scenario represents the seasonal impact of the January 17247 7 full trains 21%
- March Quarter
- - - - o
Autumn This scenario represents the seasonal impact of the May 21,089 8 full trains 21%
June Quarter
Light This scenario represents the most likely scenario volume . 32%
Packing with 8 out of 15 exporters packing at the terminal 18,454 6 full trains
Moderate This scenario represents the most likely scenario volume . 80%
Packing with 11 out of 15 exporters packing at the terminal 18,454 7 full trains
Heavy This scenario represents the most likely scenario volume . 87%
Packing with 14 out of 15 exporters packing at the terminal 18,454 7 full trains
18.454 5 Full trains
Auckland This scenario represents the more likely scenario with 15 . Tauranga 21%
e . 20% volume .
Weekly out of 18 exporters utilising the terminal 1 full Train
to Auckland
Auckland
6 Full trains
Auckland This scenario represents the more likely scenario with 15 1§ 454 Tauranga .| 21%
Fortnightly | out of 18 exporters utilising the terminal 8% volume to | 1 full Train
Auckland Auckland -
biweekly

3. Results and Discussion

Figure 1 illustrates the number of containers shipped during a quarter from each exporter across all 13 scenarios.
Two thirds of the 18 exporters maintain a relatively stable throughput over the 13 examined scenarios. Figure 2
displays an annualised total number of containers moved through the terminal for each of the scenarios. Figure 3
shows the proportion of each container type handled at the terminal.
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Figure 1: Total number of containers by modelled terminal user for each of the scenarios
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Figure 2: Annualised number of containers for each of the scenarios

Average distribution of container type and size
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Figure 3: Average distribution of containers moved in all scenarios by type and size.
3.1. Social Impacts

Figure 4 shows the primary route from Kawerau to the Port of Tauranga. The social metrics tracked in the
model relate primarily to the reduction in truck traffic on State Highway 2.

This route is frequently travelled by visitors to New Zealand and residents commuting to and from the Eastern
and Western Bay of Plenty areas. Significant volumes of heavy trucks on this route have social impacts. Heavy
vehicles are involved in 8% of serious injury and 18% fatal accidents in New Zealand, 82% of these fatal
crashes involving trucks occur on the open road (Ministry of Transport, 2016a).

Figure 4: The most common route for heavy traffic moving from the Kawerau end of the Eastern Bay of Plenty
to Tauranga
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A total of 284,611 heavy vehicles travelled through the Ohinepanea Telemetry Site on State Highway 2 (Point A
in Figure 4) in the 12 months from August 2015 to July 2016. This represents 13.8% of all vehicles recorded at
this site (NZ Transport Agency, 2016). Heavy vehicle traffic causes two to four times more road surface damage
compared to light vehicles (Arnold, Steven, Alabaster, & Fussell, 2005).

Figure 5 shows the number of heavy vehicle trips that will be avoided on State Highway 2 as a result of the
container terminal. Figure 6 shows the amount of road kilometres that will be avoided under different scenarios
and Figure 7 outlines the potential fuel savings that could be obtained by the use of the Kawerau Container
terminal across the 13 examined scenarios. In all cases a significant number of heavy vehicle journeys (>10 000
per annum) could be mitigated by the container terminal, reducing the total heavy vehicle traveling distance on
Easterm Bay of Plenty roads by as much as 3 million kilometres per year.

Number of Heavy Vehicle trips averted

Number of heavy vehicle movements
10,000 20,000 30,000 40,000 50,000 60,000 70,000

o

Best Case

Most Likely Case

Warst Case Premium

Woerst Case

Winter

spring
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Autumn

Light Packing

Moderate Packing

Heavy Packing

Auckland Weekly

Auckland Fortnightly

Figure 5: Number of heavy vehicle movements that could be reduced on State Highway 2 on an annual basis.
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Figure 6: Amount of heavy vehicle kilometers reduced on State Highway 2.
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Figure 7: Litres of fuel savings per TEU as a result of the container terminal.
3.2. Environmental Impacts

Transport sector related emissions are estimated at 20% of New Zealand’s total Greenhouse gas bill. This
represents 40% of emissions from the energy sector (Ministry of Transport, 2017). Transport his a significant
contributor to the rise in greenhouse gas emissions in NZ since 1990 (Ministry for the Environment, 2016). The
model estimated carbon dioxide (CO,), oxides of nitrogen (NOy), hydrofluorocarbons (HFC) and particle matter
(PM10) emitted by trucks and trains. Model coefficients for trucks were derived from the Vehicle Emission
Prediction Model, which correlate with the NZ guidelines for voluntary, corporate greenhouse gas reporting
(Ministry for the Environment, 2015). Rail emission coefficients were obtained from the European Union
Commission Directive 2012/46/EU for the DL class locomotive with engine type MTU 20V 4000R43 2700kW
(Official Journal of the European Union, 2012).

Figure 8 shows the likely ranges of total CO, savings per quarter for each scenario as a result of the container
terminal. Figures 9 shows the average potential reductions in NOy, HFL and Particle Matter (PM10) emissions
for the different scenarios simulated. In the best case scenario and based on the emissions trading scheme (ETS),
these emissions equate to more than half a million dollars a year.
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Figure 8: Range of estimated CO, savings per scenario.

143



Auckland Fortnightly
Auckland Weekly
Heavy Packing
Moderate Packing
Light Packing
Autumn

Summer

Spring

Winter

Worst Case

Worst Case Premium

Most Likely Case

Best Case

10,000 20,000 30,000 40,000 50,000 60,000 70,000
kg of Gas reduction

m NOx Reduction kg ®m Hydrocarbon reduction kg ® PM10 reduction kg

Figure 9: Volume of potential harmful emissions avoided per quarter.
3.3. Economic Impacts

The model calculated operational savings per container, which is the difference between the operating cost of a
highway based solution and the operating cost of the Kawerau Container Terminal rail based solution. Positive
values are indicative of savings associated with the container terminal. It should be noted that these costs do not
include the capital required to establish the infrastructure.

Figure 10 shows the average potential savings per container, per scenario. It is evident that on average all the
scenarios simulated yielded a more profitable solution with the container terminal compared to the state
highway scenario. The Auckland scenarios (grey shared) are not comparable to the other scenarios and further
investigations are required to assess the viability of containers to move to Auckland by train.
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Figure 10: Average savings per container generated as a result of the container terminal.
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Figure 11 shows the returns and costs for the terminal operator. This is important since the terminal underwrites
the trains and need to show a viable business in itself before the solution could be rolled out to exporters in the
region.

Terminal Operating Return
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Figure 11: Total cost of trains and rail revenue generated by the terminal. The gap demonstrates the profit
margin on the rail resource.

4. Conclusion and Recommendations

It is estimated that the Eastern Bay of Plenty exports more than 33 000 containers per annum (>60 000 TUEs).
Some of these containers are already moved by rail to Mount Maunganui. Currently no containers from this
region are delivered by rail directly to the container port at Sulphur Point. A rail service of ten trains per week
would be required to handle the full complement of containers in the region. Based on a survey among different
exporters, it is estimated under favourable conditions that approximately 18,500 containers that are currently
transported via State Highway 2 could be transferred to rail at Kawerau. This would require more than one train
a day. Approximately 20% of these containers may even be packed at Kawerau, reducing the need for empty
container logistics to different production sites in the region. Several producers in the region have seasonal
outputs and the proposed container terminal is likely to see a 15% rise in container volumes from March to
August. Autumn may be a challenging period for the container terminal with high volumes and a demand for
efficient operations. Many simplifications and assumptions were made during this study and a comprehensive
due diligence and further conversations with exporters and other stakeholders is required. Several containers
may transfer to shipping lines that operate from Ports of Auckland and containers destined to domestic markets
could influence the results. Given the current information available it appears that containers destined to the Port
of Tauranga could be transported at a considerable reduced rate, while containers destined to Auckland are more
questionable. Further research is required to determine the exact number of containers that may move directly
from Kawerau to Auckland.

The Kawerau container terminal is likely to reduce the number of heavy vehicles on State Highway 2 by more
than 18,000 consignments per year. This amounts to more than eighty trucks a day and releases the
infrastructure of an estimated 1.5 million kilometres of heavy vehicle travelling per annum. This does not only
reduce the fuel bill, but also potentially reduces carbon emissions by as much as five to six thousand tons per
annum. Other harmful emissions are also avoided.

Conservative estimates predict that the container terminal is likely to reduce transfer costs by an average of at
least $100 to $150 per container, while the container terminal as a business in itself generates viable returns.
These estimates, however, exclude capital and the costs to develop the infrastructure need to be considered in
addition to these results. Likewise, the costs to acquire new rail rolling stock were not considered in this study.
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While some containers may be more difficult and expensive to handle and while many different ways to
establish the terminal could be considered, at least 88% of all containers that will move through the terminal are
likely to result in substantial cost savings compared to the conventional state highway solution.

It is recommended that the establishment of the container terminal is investigated further and that a detailed due
diligence should be carried out in the future. It is also recommended that the off-loading logistics at the Port of
Tauranga is considered since the models used in this study did not research off-loading in detail. While packing
containers on the terminal was simulated as a viable enterprise, many exporters expressed concerns in this type
of operation and further engagement with the potential customers of the terminal should be considered.
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Abstract: Australia is the world’s 4th largest producer of woodchips. Shipping and port costs account for
about 60% of the cost of sales of woodchips to Asian markets. Past studies have identified that the rate at
which a terminal is able to load or unload a woodchip vessel and the amount of material that can be
loaded onto a vessel are two of the four most decisive factors affecting shipping costs.

Loading rates and compaction factors (relative measures of the amount of material loaded) were
quantified via surveys for Australian woodchip exporting ports. Opportunities were identified for
improving loading rates and compaction factors through (a) interviews with woodchip exporting
companies, (b) analyses of data for over 500 ship or partial ship loads, and (c) literature reviews.
Maximum potential load rates at Australian ports ranged from 670 to 1200 green metric tons per hour.
Net loading rates were on average 30% slower - for load compaction reasons - than the maximum
potential loading rates. Gross loading rates, which include delays, averaged 86% of net loading rates or
about 60% of maximum potential load rates.

Compaction factors at Australian ports ranged from 137 to 170 fi3 per bone dry metric ton.

Factors found to affect loading rates and compaction factors included: the type of shore-to-ship delivery
system (e.g., mobile vs fixed conveyors, multi-product vs woodchip only systems), the tree species being
loaded, conveyor rates, use of deflector plates on jet slingers, use of dozers in the hold for chip re-
distribution and compaction, layering of the chips within the ship’s holds, and the order in which holds
were loaded.

Other companies commented that loading rates and compaction factors were affected by the loading
pattern (e.g. 80% fill followed by 20% top-off), the skill of the loader operator, the wood chips
specifications, and the moisture content of the woodchips.

Each 1% improvement in compaction factor is worth US325,000 to US$40,000 in additional income per
vessel for the exporter. This study provides information that should help decision makers to select the
work methods and equipment which will lead to the greatest net returns for the exporter.
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Abstract: In round wood transport the driver is responsible for keeping the load limits according to legal
regulations and technical limits. Currently this is mostly done by the driver during loading just by visual
estimates. To prevent overloading or even low transporting efficiency due to lower payloads accurate
estimating of payloads in round wood transport is an essential requirement.

The objective of this study was to analyze a wireless crane scale in timber transport in terms of its accuracy,
loading efficiency and costs. The studied wireless crane scale is a prototype of Epsilon Kran GmbH
(Austria) developed in cooperation with the Swedish company Tamtron Timber.

Overall, 69 loads were studied with the installed crane scale and 36 loads could be compared to data from
customers weighing systems. Weighed loads compared to weighing data from calibrated weighbridges
showed an average deviation of 3.44%. Loading efficiency before and after the installation of the wireless
crane scale showed no significant differences.

Keywords: wireless crane scale, round wood transport, transport efficiency, transport costs

1. Introduction

In roundwood transport, the driver is responsible for keeping the load limits according to legal regulations.
Currently the driver mostly does this during loading process just by visual estimates. However, permanently
changing operating conditions make it difficult to estimate payloads accurate enough. An essential reason
for this is that round wood as a natural product has different qualities and characteristics. It is not
comparable to standardized transport goods.

To prevent overloading or even low transporting efficiency due to lower payloads accurate estimating of
payloads in round wood transport is an essential requirement. Additionally, an EU directive 2015/719,
which should ensure undistorted competition within the transport business, is forcing to estimate payloads
of transporting vehicles on the roads. This includes also the transport sector for round wood from the forest
to the mill.

The objective of this study is to analyze a wireless crane scale in timber transport in terms of its accuracy,

loading efficiency and costs. In addition, a literature review on alternative systems for determining load
weights in round wood transport is carried out.
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2. Material and methods

The studied transport unit consisted of a Mercedes Benz Actros 3346 truck with 6x6 drive, equipped with
a loading crane M120 Z 96 from Epsilon and a tandem trailer for round wood transport. Altogether, the
truck and trailer unit including the mounted crane weighs 21.9 tons.

The studied wireless crane scale is a prototype of Epsilon Kran GmbH (Austria) developed in cooperation
with the Swedish company Tamtron Timber. The applied sensing technology uses an extra hydraulic circuit,
integrated in the joint, which is not connected with the main hydraulics of the crane. The sensor is
transmitting calculated single weights to the receiver unit with a display for the operator. Single grapple
loads are automatically summarized by the onboard unit and shown on the display during loading. Thus,
the operator is able to check the actual load weight. The installed software also offer to set different load
limits for carriers or even axles.

Weighing data from the crane scale were compared with data from calibrated weighbridges at customer
sites. Internal repeatability of the crane scale was analyze during a simulated loading using a single grapple
load with a known weight of 825 kg which was loaded 30 times. Time consumption for defined work phases
including driving distances were captured with a detailed time-and-motion study.

3. Results

Before installing the wireless crane scale, 59 loads with an average load size of 24 m* were recorded during
77 hours time-motion studies. Thereby calibrated weighbridges at the customer capture 27 payloads.
Overall, 69 loads were studied with the installed crane scale and 36 loads could be compared to data from
customers weighing systems. Weighed loads compared to weighing data from calibrated weighbridges
installed at costumers showed an average deviation of 820 kg (3.44%). The mean difference during the
simulated loading was 3.1 kg (0.38%). Loading efficiency before and after the installation of the wireless
crane scale showed no significant differences (Santner, 2018).
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Abstract: From time to time, windthrows or bark beetle outbreaks cause excessive timber harvesting in
Germany. In this case the transport of wood by trucks often is the bottleneck within the process chain. The
transporting capacity is not sufficient and the flow of the wood stalls. Regularly, the timber industry
claims exceptions from the admissible total weight of trucks (40 tons). In the meantime truck companies
face a lack of truck drivers. An upcoming shortage of transporting capacity during periods of normal
timber harvesting is not unlikely. How can the transporting capacity be maintained? Is it possible to use
the limited capacity more efficient? We conducted a written survey of truck companies operating in
Bavaria and semi-structured interviews with experts from truck companies, from the wood processing
industry and from forestry. We wanted to know, which measures the companies already practice to deal
with the challenge. One option is the transport of logs by trucks and semi-trailers without a crane. Thus
the payload can be raised, the purchase price is lower and truck drivers can be deployed who have not
the skill to handle a crane. Waiting times on arrival at the plant are an ongoing problem. What is being
done to reduce these delays? Can the processes and the communication between the participants be
improved in order to save time when collecting the wood in the forests? What is the state of the art
regarding route optimization? To what extend are foreigners, women and part-time workers deployed as
truck drivers? The results indicate that except of periods of calamities there is rather on overcapacity of
log transport services. The existing transport capacity can be used more efficient if waiting times at the
mills are reduced, payloads increase and empty runs decrease. Delays within the supply chain can be
reduced if the data will be exchanged between all participants in a digital format that enables an
automatically further processing. A significant reduction of empty runs can be achieved by more
collaboration between trucking companies or by a consolidation in the branch. A remarkable reduction of
working times and nevertheless a payment of an appropriate salary would make the job more attractive. A
more severe truck driver shortage might also be avoided when women are attracted for this job.

Keywords: logistic, truck driver shortage, log transport capacity

1. Introduction

In case of unplanned excessive timber harvesting due to windthrows or bark beetle outbreaks foresters
and agents from the timber industry in Germany complain a lack of log transport capacity. Regularly,
they claim exceptions from the admissible total weight of trucks. In the meantime representatives from
truck companies report a lack of truck drivers. A shortage of truck drivers seems to be a future challenge
for all truck companies in Germany. The main reason is the demographic structure of the population. In
total 555,010 truck drivers were deployed in Germany 2016 (BAG, 2017). About 154,000 truck drivers
(28 %) were older than 55 years. Between 2010 and 2016 1,529 new truck drivers finished the
apprenticeship per year. If there is a need to replace all retiring truck drivers, but the low rate of new truck
drivers continues, a gap of about 139,000 drivers will arise in 2026. This calculation doesn’t consider the
increasing transport demand which some studies forecast (e. g. INTRAPLAN Consult, 2018). The
German Federal Ministry of Transport and Digital Infrastructure expects an increase of transport services
by 39 % until 2030 (BMVI, 2014). Thus a shortage of log transport capacity might become the bottleneck
of the wood supply chain not only in periods of calamities. Witte (2019) reports complaints about a
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shortage of log truck drivers also in other European countries. A shortage of truck drivers is even reported
from the United States (Costello and Karickhoff (2019), Conrad, 2018). The objectives of our study were
(1) to assess the current log transporting capacity, (2) to identify possible measures for keeping the
existing capacity and (3) to detect how the limited capacity can be used more efficient.

2. Method

We conducted a written survey of truck companies operating in Bavaria referring to 2017. We tried to
reach all trucking companies transporting logs of Bavarian origin. Our address pool comprised 480
companies based in Bavaria and the surrounding federal states. Three large saw mills and the Bavarian
state forest enterprise also sent the questionnaire to the trucking companies operating for them. Two of
the sawmills are processing softwood the other is processing beech. The questionnaire comprised
questions regarding

e the volume of transported roundwood and the share of wood of Bavarian origin
the number of employees
the number and type of vehicles (trucks and trailers)
the deployable radius
the kind of customers
the use of navigation devices, which allow a routing within the forest
the use of software for disposal of the orders
further business areas of the company
the plan of carrying capacity changes
the three most pressing problems and an
open question about the trends and challenges.

e 6 o o o o o o o o

In addition, the Bavarian ministry of transport disposed an enquiry of the vehicle licensing offices in
Bavaria. The licensing offices reported the number of log trucking companies within their district, the
number of truck and the size of these companies according to the number of trucks.

At two sawmills we recorded the time of truck arrivals over a whole day, the type of trucks and the
gender of the truck drivers. We also conducted semi-structured interviews with experts from six truck
companies, from six mills of the wood processing industry and from two forest organizations that manage
the log transport themselves so that they are clients for the trucking companies.

3. Results and discussion

Some of the Bavarian district licensing offices (12 of 96) were not able to deliver data. We fitted this gaps
with the mean of the data that we received by the reporting districts. The enquiry of the vehicle licensing
offices revealed 278 log truck companies which have licensed their trucks in Bavaria. We received 97
questionnaires from log trucking companies. Table 1 shows the share of the participating companies
according to the number of trucks.

Table 1: The number and sizes of truck companies transporting logs according to both surveys. The
share of companies refers to those with assignable numbers of trucks.

Survey of
Fleet size (number of vehicle licensing offices | log trucking companies
trucks) all answers based in Bavaria

No. companies | share | No. companies | share | No. companies | share
Total 278 97 73
1 truck 92 36% |23 24% | 17 24%
2-3 trucks 74 29% | 29 30% | 22 31%
4-8 trucks 49 19% | 28 29% | 21 29%
9 and more 38 15% | 16 17% | 12 17%
not assignable 25 1 1
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The size structure of all participating companies and of only those based in Bavaria (73) is identical. The
survey of the vehicle licensing companies shows a greater proportion of very small companies owing only
one truck and a smaller proportion of big companies. This difference is plausible. In companies with only
one truck the owner is mostly driving the truck himself. He is often bounded by the day-to-day business
and might less likely response to surveys. Therefore we extrapolate our questionnaire results by company
size groups using the number and distribution of the survey by the vehicle licensing offices. The licensing
offices reported 1,009 trucks. The companies that responded to our questionnaire owned 417 trucks. The
extrapolation by the number of companies in different size groups according to the survey of the licensing
offices delivered a total of 1,025 trucks. Thus, both surveys nearly get to the same result. Nevertheless,
the accuracy should not be overestimated. The vehicle licensing offices have neither a list about the kind
of service the truck owner’s offer nor a list that assigns the trucks explicitly as log trucks. Thus, the data
is mainly based on their practical knowledge.

3.1 The capacity for log transport by trucks
3.1.1 Results from the survey

First we will estimate the volume of roundwood transported by Bavarian companies 2017.We will
compare this volume with the removals. Then we will show the carrying capacity changes planned by the
companies. We will report the assessment of the experts who we have interviewed. We will look at the
freight rates. The price level can indicate if a shortage exists.

90 companies reported both, the amount of roundwood, which they transported 2017 and the number of
trucks. We treated one company as an outlier because the amount of wood transported per truck seemed
to be unrealistic. With 70,000 m?® it was almost the double of the second highest value. The considered
companies transported a total of 5.9 million m*. Assuming that all roundwood was transported by trucks
owned by each company the mean volume of roundwood is 15,466 m® per truck. The amount of
roundwood per truck declined with increasing company size (table 2). The smallest companies
transported considerable more wood per truck than the others.

Table 2: The roundwood transported by companies of different size and the amount per truck.

Fleet size | Companies Roundwood Trucks m?®/truck Difference
(m?) to mean
1 truck 22 441,300 22 20,059 30%
2-3 trucks 28 1,100,000 66 16,667 8%
4-8 trucks 24 1,971,000 133 14,820 -4%
9 and more 15 2,411,000 162 14,883 -4%
Total 89 5,923,300 383 15,466 0%

The share of roundwood from Bavarian forest was 89 % of the total roundwood transport volume from
Bavarian companies. There was hardly any difference of this proportion between companies of different
size (min. 86 %, max. 92 %). An extrapolation of the mean amount of roundwood per company and size
class by the number of companies based in Bavaria delivered a volume of 15.8 million m*. The share of
wood from Bavaria is 14.0 million. An extrapolation of the mean amount of roundwood per truck and size
class by the number of trucks of companies based in Bavaria delivers a volume of 16.1 million m*. The
share of wood from Bavaria here is 14.2 million m*®. Companies that participated in our survey and are
based in neighboring countries transported a volume of 0.28 million m* roundwood of Bavarian origin.
We don’t know the amount of roundwood of Bavarian origin that was transported by other companies not
based in Bavaria and not participating in our survey. But according to our calculation more than 14
million m? of Bavarian roundwood must have been transported.

We asked the log trucking companies in the questionnaire about their planning for carrying capacity
changes in the next 5 years. Almost all companies (97 %) responded this question. Table 3 shows the
extrapolated results, both referring to the share of all companies and to the share of currently owned
trucks by the companies. The most companies want to keep their capacity. 6 % are planning to abandon it,
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but they hold only 3 % of the trucks. The proportion of companies that are planning capacity reduction is
greater than the share of companies willing to increase. The companies that want to reduce the capacity
own slightly less trucks than those willing to grow. Because we don’t know the intended changes of truck
numbers, we can’t conclude, if the capacity is going to grow or to decline. But table 3 indicates a process
of consolidation. Some respondents commented their decision. One intended to reduce although he
doesn’t want, because of a lack of drivers. Another wants to maintain, provided he has enough drivers.

Table 3: The plan for carrying capacity changes.

Share of Transport capacity within the next 5 years
increase  maintain reduce abandon
companies 9% 70% 22% 6%
owned trucks 11% 71% 18% 3%

The experts from the wood processing industry didn’t recognize a shortage of wood transport capacity at
the time of the interviews. But they reported from temporarily and regional shortages especially after
calamities. One expert from a hardwood sawmill told about seasonal shortages every year in spring. The
experts expected a shortage of transport capacity in the future due to a truck driver shortage.

We asked the experts the freight rate for a transport distance of 100 km. They stated a range of 10 to less
than 13 €/m?® without reimbursement of toll.

We asked the log trucking companies in the questionnaire about the three most pressing problems they
face. We offered the following answers: (1) to low freight rates, (2) lack of qualified employees, (3)
cheap competitors because of the EU eastward expansion, (4) weight problem, overload, (5) consolidation
process in the wood industry (6) difficulty to pass on cost increases to customers (e. g. toll, diesel price)
and (7) others. A quarter of the companies named more than three problems. In these cases we reduced
the weight of their designations so that the sum always was three. The most often chosen problem was ‘to
low freight rates’ (78 %) followed by the ‘difficulty to pass on cost increases’ (74 %). A ‘lack of qualified
employees’ ranged on the fourth place (53 %) after the weight problem (58 %).

3.1.2 Discussion of the transport capacity

In 2017 only 23 % of the removals in German forests were unintended, caused by storm, snow or insect
damage. No cross-regional forest calamity occurred. Thus it is plausible that the Bavarian log trucking
companies transported to a great share wood from Bavarian origin. The removals of wood in Bavarian
forests were 17.9 million m? in 2017 (Statistisches Bundesamt, 2018). The amount of saw logs and
pulpwood was 11.1 million m3. So there is a gap of about 3 million m*> between the amount of saw logs
and pulpwood delivered from forests and that transported by truck companies. There are different
possible reasons for this gap. Comparisons with results from national inventories in the past indicate that
the statistical office doesn’t cover all removals. In addition, it might be that also some energy roundwood
was transported by log trucks to destinations were it was processed to firewood. Moreover, some of the
wood might have been transported twice. If logs are transported to storage yards, e. g. for wet storage by
irrigation, they have to be transported a second time when delivering the logs to the mill. But we don’t
know about large amounts of wood stored in such yards 2017. Another reason might be double counting.
We asked in the questionnaire: ‘How much roundwood did your company transport 2017?° Some
companies might have engaged subcontractors but assigned the wood to their own company. Some
companies might have delivered wood by rail. Our question should have been more specific. The largest
considered amount of roundwood transported per truck was 36,000 m?. This amount seems to be great but
still possible.

Overall, the results indicate that the capacity in Bavaria meets the transport need in years of normal wood
removals. But the amount of roundwood transported per year doesn’t indicate the performance of the log
trucking companies. An indicator of the performance has to consider both, the amount of transported
wood and the transport distance. Further surveys in future should also ask the mean transport distances.

The freight rates named by the experts seem to be realistic. Becker (2019) asked for freight rates of log
trucking companies. He conducted a written survey of log trucking companies in Germany in 2018. 30
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out of 34 participants answered this question. The mean freight rate they named was 12.68 €/m? for a
distance of 100 km. He also asked for a sufficient freight rate. The mean of the adequate rate was 25 %
higher than the current rate. The transport tariffs in Germany were deregulated 1994. Since then the
freight rates are formed on a free market. Liicke and Weber (1998) reported freight rates of 9,71 €/m? for
a distance of 90 to 100 km and 11,52 €/m? for 101 to 150 km in Rhineland-Palatinate in 1994. Thus, the
freight rates have hardly changed within the last 25 years. This indicates that there is currently rather an
over-capacity on the market of log transport services.

3.2 Efficient use of existing transport capacity
3.2.1 Delays at the mills

When log trucks are arriving at big mills, registration and unloading is often delayed. We asked the
companies in the questionnaire which additional amount of logs they can transport, when there are no
delays at the mills. 81 % of the participating companies answered this question. We deemed two
statements as outliers, because they differed far more from the mean than the threefold standard deviation.
Extrapolated by the company size classes and transport volume an additional amount of 11 % roundwood
could have been transported. The percentage rate in the size classes varied between 11 % and 14 %. The
coefficient of variation in the size classes is high (70 % to 94 %).

We recorded the number of unloaded trucks per hour during a whole working day at two big sawmills in
the winter 2018/2019. At one sawmill the record could start for safety reasons only with a delay of one
hour in the morning. At one mill 110 and at the other 98 trucks were registered. Fig. 1 shows the
distribution of the unloading during the day. We can see a peak of unloading early in the morning and at
noon. During the late afternoon only few trucks were cleared.

Unloading of trucks per hour

16%
14% -+
12%
10%
8%
6%
4%
2%
0%

Proportion of all truck arrivals

Fig. 1: Distribution of the unloading of trucks during a whole day at two large saw mills in Bavaria.
At one sawmill the first hour is missed.

During the truck counting different delay reasons were observed. Due to technical failures no or not
enough unloaders could operate. Trucks without their own crane had to wait. Also technical failures at the
conveyor band or the sorting facility caused delays. The sawmill staff makes a half an hour break in the
morning and in the afternoon. The trucks have to wait so long. An arriving train should be unloaded with
priority. Therefore the trucks were restricted to deliver the logs only from one site to the sorting facility.

Experts from the truck companies told us that they try to deliver three loads a day and therefore start very
early in the morning. They try to avoid the rush hour traffic around the big cities in the morning. Thus,
many trucks arrive when the sawmill opens the gate in the morning. Some experts stated that some
sawmills reduced the space of the storage yards at the mills. Instead they built e. g. new facilities for a
pellet production. Experts from the mills conceded the delays. Only the experts of a large hardwood
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sawmill neglected any delay. There they discount the logs by the measurement of the forest owners. So
they don’t have to separate the loads for the measurement in the mill and they have plenty space at their
storage yard. None of the visited mills have established a system of time slots for the clearance of the
trucks although they seem to discuss it from time to time. Due to the dense traffic in Central Europe and
the frequent traffic jams the exact time of arrival is often not foreseeable. So far none of the mills tried to
distribute the arrivals more evenly by financial incentives (e. g. a freight rate depending on the time of
arrival). The experts from the forest organizations declared that the delays are caused by management
failings. Some mills have unfavorable conditions like few storage space but are well managed and have
therefore little delays. Others have much storage space but are poorly organized and therefore much
delays.

Waiting time at the mills can also be reduced by a faster registration. At some mills the truck drivers
deliver a hardcopy of the delivery note and the sawmill staff records the data in the EDP system. At other
mills the truck drivers have to type at terminals the data by themselves into the system. An online
transmission of the delivery note in a format that can be automatically processed further could speed up
the registration. Some forest organizations and sawmills are currently trying to establish this data transfer.
The German ELDATsmart offers a data format that allows each link in the supply chain the automatically
processing of transferred data.

We can conclude that the transport capacity is better exploit to a relevant degree, if delays at the mills
decrease.

3.2.2.1 Extending the payload

The legally admissible total weight of trucks inclusive trailers is 40 tones in Germany. The lower the tare
weight the bigger can be the payload. Of course, a lightweight construction of trucks and trailers can help
to reduce the tare weight. A remarkable reduction can be achieved, if no crane is mounted at the truck.

When asking for the number of trucks we distinguished in the questionnaire between trucks having a
mounted log carrier for short logs from cut to length harvesting and truck tractors hauling semi-trailers
and trucks for the transport of long logs. The long log trucks can be both, trucks hauling semi-trailers and
trucks pulling a dolly. Table 4 shows the number of different trucks in Bavaria according to our
questionnaire and extrapolated by the fleet size structure of the companies reported by the licensing
offices.

Table 4: The number of trucks in Bavaria grouped by companies of different size and kind of

truck.

Fleet size Short log Long log Truck Others Total
(number of trucks) trucks trucks tractors

1 truck 44 20 12 16 92
2-3 trucks 107 28 31 8 174
4-8 trucks 137 54 77 2 270
9 and more 185 28 185 0 398
not assignable 47 13 30 3 92
Total 519 143 335 28 1,025

The licensing offices reported 521 trucks and 488 truck tractors, overall 1,009 trucks. The licensing
offices didn’t assign the number of trucks to the size of the companies. Noticeable in table 4 is the greater
share of truck tractors in the largest companies (46 %) than in the smaller ones (22 %). The licensing
offices reported 636 trailers and 319 semi-trailers. We asked in the questionnaire only for semi-trailers
and extrapolated count 466 of them. The largest companies having 9 trucks and more owned 59 % of the
semi-trailers.

The kind of truck and trailer combinations recorded during the tuck arrivals at two large sawmills
processing softwood of cut-to-length logging is shown in table 5. In total 190 combinations were
identified. Trucks with a mounted log carrier and with a trailer dominated by far. Nearly all of these
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combinations had a mounted crane. In the combination of truck tractor and semi-trailer only about one
fifth had a crane mounted on the truck.

Table 5: The truck and trailer combinations recorded at two softwood processing sawmill.

Truck trailer combination Share of observations
Truck tractor with crane and semi-trailer 53%
Truck tractor with semi-trailer, but no crane 18.4 %
Truck with a mounted log carrier and crane and with trailer 73.7%
Truck with a mounted log carrier and trailer, but no crane 0.5%
Others 2.1 %

According to the information given by the experts there are different ways of loading trucks without a
crane. (1) A truck tractor equipped with a crane loads a semi-trailer and parks it at a suitable place in or
close to the forest. On this way the total weight is bigger than the admissible load on public roads. A truck
tractor without a crane picks the semi-trailer up and brings it to the mill. Usually one truck tractor
equipped with a crane supplies some truck tractors without a crane. This combination requires a certain
spatial concentration of wood amount. But it ought to be profitable even in case of short transporting
distances, e. g. to a railway station. (2) A truck with a mounted crane loads its own log carrier. At a
suitable place the truck loads the logs from its carrier to a semi-trailer. This operation requires enough
space so that both vehicles can stay side by side. If the crane is mounted at a proper place, both vehicles
can also meet backwards on a forest road for reloading. (3) In principle, a forwarder can load a truck too.
In this case logging and the transport to the customer are linked operations. So far, this linkage is unusual
in German forestry. According to one expert this linkage was tested in a trial at that time. (4) If the logs
are concentrated at a storage yard in or close to the forest, the semi-trailers can be loaded by a loader, e. g.
an excavator equipped with a gripper.

All experts from the industry and from forestry reported an increasing share of the combination ‘truck
tractor without crane and semi-trailers’. Only at one mill they have hardly any deliveries of this kind,
because they don’t provide a loader for unloading.

The tare weight of the combination of ‘truck equipped with a crane and trailer’ varies according the
expert information between 16 and 22 tones. The combination of a ‘truck tractor without a crane and
semi-trailer’ has a tare weight of about 13 tones. Thus the payload can increase by 3 to 9 tones,
respectively 12.5 % to 50 %. Other advantages named by experts are reduced purchase prices, reduced
fuel consumption and no demand of crane handling skills of the truck driver.

3.2.2.2 Discussion of payload extension

Experts expect a raise in the share of trucks without crane in the future and thus a further extension of
payload. Becker (2019) asked in his questionnaire the fleet size of the companies 2012 and 2017. The
share of trucks without a crane of all recorded trucks increased from 28 % in 2012 to 29 % in 2017. Thus
his data don’t confirm a remarkable increase during the last years. Mainly large companies participated in
Becker’s survey. 58 % of the companies had a fleet size of 4 and more trucks. The acquisition of trucks
without a crane should be more likely in big companies, because loading can be more easily organized
there. Thus it can’t be expected that a greater capture of small companies in his survey would have
resulted in a higher share of trucks without a crane. So his results indicate that the rise in share of trucks
without a crane took place before 2012 and since then there was no big change anymore. It is difficult to
judge, if there is an additional potential for the use of trucks without crane. A further consolidation of the
branch might go hand in hand with a growing share of these trucks. But a growing share of these trucks
restricts the companies to orders from big mills, because only big mills can provide the machinery for
unloading trucks without cranes. Small or medium mills cannot afford these machines.

3.2.3 Reducing empty runs

Empty runs can be reduced by return freights or by round trips. According to the interviewed experts
return freights are rarely offered. One expert of a sawmill estimated the proportion of return freights to
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5 %. Only some log carrying trucks are suitable for the transport of products of the wood processing
industry. The transport of sawn wood requires a mounted platform. In one sawmill they insist on the
possibility to take down the stanchions of the truck carrier. Otherwise the risk of damage to the sawn
wood is too high. The transport of paper requires a closed truck for safety reasons. Thus paper can’t be
transported by common log trucks. Empty runs can be reduced by a clever combination of orders. The
bundling of log piles to orders and their allocation to trucking companies with the objective of shortening
the transport distances and avoiding of empty runs is a classical traveler salesman problem which can be
solved by methods of operation research. Of course, only mills with different subsidiaries and forest
organizations which deliver wood to different mills can substantially reduce empty runs. All clients of
trucking companies told us that they don’t apply optimization methods for the purpose of empty run
reduction. The most trucking companies work for different clients. So it is for the trucking companies to
optimize their routes. The route planning can be supported by tour planning software. The larger the pool
of orders of different clients the easier the route can be optimized. The dominance of small scale
companies is an obstacle for route optimization. The pool of orders can be extended by both a
consolidation of the branch and by cooperation between companies.

We asked the companies in the questionnaire if they use a software for disposal of orders. Weighting the
answers by the fleet size structure of the Bavarian companies, 11.5 % of the log trucking companies uses
such software. But this result doesn’t disclose how sophisticated the software is. Some respondents might
have meant even a simple spreadsheet program.

According to the survey of Becker (2019) empty runs have a share of 44 % what has to be deemed as a
high proportion. None of the companies participating at Becker’s (2019) survey uses a tour planning
software. The trucking companies have in the mean 12 different clients. Only 6 from 34 companies
(18 %) in his survey cooperate with other trucking companies to avoid empty runs.

3.2.4 Facilitating the loading in the forest

In Germany logs are usually piled along forest roads and not at landings. At each place of loading some
work steps have to be done which are independent of the loading amount such as climbing the crane,
extending the outriggers and possibly cargo securing. Experts from the trucking companies complained
the frequently scattered small log piles. A more concentrated storage of logs (minimum a truck load)
would help to reduce the loading times substantially. Sometimes log piles are stored along roads which
are not suitable for traffic of heavy trucks. This can extend the travelling time, e. g. salvage of trucks
being bogged down, can cause damage to the trucks or cause unnecessary empty runs in case the truck
has to return unloaded. They also complained about twigs and branches growing within the crane range
and hindering the loading. Forest owners or forest owner associations mostly send the notification about
log piles ready for removal by e-mail in a pdf-format or by fax to the mills and the mills hand them over
to the trucking companies. In case of a poor data quality searching for the piles can be difficult and cause
delays. Even if the position coordinates are given, they can be wrong due to transposed digits if they
were manually typed. Here it is important that the coordinates are transmitted directly by the recording
device. The forest owners should transmit the notifications of removable piles online in a format that can
be automatically processed further. A suitable format already exists (ELDAT-smart). Delays caused by
difficult orientation can be avoided if the truck drivers use a navigation system which works also within
the forest. We asked in the questionnaire if the trucking companies use a navigation device which can
guide the drivers along the forest road to the log piles and we added in brackets ‘routing by NavLog-
data’. NavLog is a German application that classifies forest roads according to the road quality and
attributes traffic restrictions like restricted permissible weight for bridges and restricted turn opportunities
within the forest. Weighting the answers by the fleet size structure in Bavaria, 26 % of the log trucking
companies uses a navigation system which works within the forest. This is more than expected, but there
is still a great growth potential.

3.3 Maintain the transport capacity

The last question in our questionnaire was an open question about the trends and challenges which the
trucking companies face. 48 % of the companies named an upcoming shortage of truck drivers as a
challenge. Freise et al. (2015) asked 122 German log trucking company’s number of drivers within
different age classes. The companies assigned 1,043 drivers to age classes. Weighting the employees by
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the center of their age class the mean age was 45 years. Becker (2019) asked a similar question. There
the companies assigned 688 employees to age classes. 68 % of the employees were truck drivers.
Weighting the employees by the center of their age class the mean age was 46 years. The mean age of the
drivers seems to rise slightly in the course of time. Costello and Karickhoff (2019) also state the
demographic structure of the truck drivers in the US as a primary reason for the shortage. There the
‘median age of over-the-road truck drivers is 46’.

3.3.1 Exploiting the labor market potential

The national office of freight transport (BAG 2017) recorded that female have a share of 1.7 % of all
truck drivers in Germany. During the truck counting in two mills we also recorded the gender of the truck
drivers. Due to the short period of daylight in winter we could only recognize the gender from a part of
the arriving truck drivers. There were only two female among 131 truck drivers what mean a share of
1.5 %. All experts confirmed that the share of female truck drivers is extremely low. The main reason
quoted was the hard work in particular the moving of stanchions and the mounting of snow chains. Witte
(2019), a manager of the EGGER group, stated that the log trucking branch is so far excluding half of the
labor market, because it does largely without women. Costello and Karickhoff (2019) reported that only
6.6 % of all truck drivers in the US are women. They deem this also as a primary reason for the shortage
there.

We also asked the experts about the share of part time workers among truck drivers. They assessed the
share as very low. Sometimes, retired persons work part time as truck drivers. In family business
sometimes relatives stand in if there is a need. This can also be deemed as a part time work. The national
office of freight transport (BAG 2017) states that part time workers have a share of 5.7 % among all truck
drivers. The German national statistical office (DESTATIS 2019) reports that 38 % of all employed
women worked on a part time basis whereas male had a share of only 5 % part time workers. The offer of
part time jobs probably is the key to attract more women for the profession of a log truck driver.

Foreign workers can be a further source of employees. The additional potential of workers from eastern
European countries might not be large. Witte (2019) reported that in some eastern European countries the
log trucking companies also complain a shortage of truck drivers. The experts from the wood processing
industry told us that the share of foreign drivers is greater among trucks that transport the mill products
compared to drivers from log trucking companies. Thus, the potential of foreign workers seems to be not
completely exploited.

Some experts see a chance to extend the pool of possible drivers by decoupling the loading of logs from
the log transport. The labor market comprises much more truck drivers who don’t have the skill of
handling a crane.

3.3.2 Improving the attractiveness of the log truck driver profession

Witte (2019) reported from a survey of the log trucking companies operating for the European
subsidiaries of the EGGER group. According to this survey the hourly wages of the truck drivers are
highest in the United Kingdom followed by France. Germany is in the middle range. In Poland, Romania
and Russia the hourly wages are significantly lower. The monthly salary in Germany is rather high. Also
Burckhardt (2019) reported a high monthly salary of drivers from log trucking companies in Germany.
How can the log trucking companies afford high monthly wages although their revenues stagnate for
about 25 years? The reason is the long working time of log truck drivers in Germany. The experts from
the log trucking companies complained about the many hours they have to put into the job. One expert
stated that work shifts of 13 hours a day are usual. According to the survey of Becker (2019) the mean
weekly working time of the log truck drivers was 53 hours. Also Witte (2019) confirmed extremely long
working times of German truck drivers. According to Witte (2019) the log trucking companies in the
United Kingdom complain the least about a truck driver shortage what goes hand in hand with the better
payment there. Costello and Karickhoff (2019) name a driver pay increase as a market reaction to the
driver shortage in the US. Interestingly, also some experts of the wood processing industry consider a pay
rise as necessary. Probably, there is no need for higher monthly salaries of truck drivers. But a significant
reduction of the working times to a normal level would make the job more attractive. Keeping the salaries
stable and reducing the working time needs increasing freight rates. With respect to the unsymmetrical
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market power with a lot of small trucking companies on the one hand and big mills on the other it might
be difficult to enforce a freight rate increase.

The attractiveness of a profession also depends on how the staff is treated. The experts from the industry
were aware of this aspect and have already taken different actions so that the drivers can feel more
comfortable during their stay in the mill. In forestry the acceptance of foreign truck drivers could be
improved as well as the behavior when language barriers occur. Costello and Karickhoff (2019) also
name a better treatment of truck drivers at shipping and receiving facilities as a mean for improving the
job attractiveness. They also count a reduction of wait times to such measures.
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Abstract: Northern Arizona, similar to many states in the western US, is threatened by catastrophic
wildfire and the impacts of subsequent flooding that follows. Without a local forest products industry, the
economics of utilizing woody materials is poor and forest restoration and fuel reduction thinning
activities are being delayed. Truck and trailer combinations are the predominant method of transporting
woody biomass from the woods to a manufacturing facility. There are however, several issues associated
with truck transportation such as availability of workers, fuel use, traffic, and weight limits that make this
mode of transportation economically challenging; particularly as transportation distances increase.
These are significant challenges as truck transportation often accounts for more than 50% of the total
forest biomass supply cost (stump-to-facility). Railroad transportation may be a solution. Rail
transportation is three times more fuel efficient compared to trucks, and each train can remove more than
280 long haul trucks from roadways. Northern Arizona is traversed by the Burlington Northern Santa Fe
(BNSF) Transcontinental Railway, a rail system that connects much of the US to the 2nd largest shipping
container port in the US. A pilot project is underway to explore the logistics associated with chipping and
shipping 2300 tons of wood chips from Arizona to South Korea utilizing intermodal (commonly called
“Shipping”’) containers. Logistics include transporting logs from forest restoration treatment sites to
Camp Navajo, a local Arizona Army National Guard facility, with an extensive rail spur network. Logs
will be chipped and loaded into bottom dumping coal cars and transported to Long Beach, CA where they
will be loaded into intermodal containers and shipped via marine transportation to South Korea. Basic
economic statistics associated with the operation (cost to haul, chip, load, transport by rail and fill
containers) will be collected which will assist managers seek alternatives such as increasing rail car
capacity, changing container loading sites, and exploring delivery logistics that improve economics. By
increasing access to Asian markets through rail transportation, communities across the western US may
find uses for an overabundant woody supply thus decreasing the risk of catastrophic wildfire.
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Abstract: This paper deals with the operational evaluation of a timber transport unit equipped with a
hybrid drive. The front wheels of a twin axle trailer with a payload of 10 tons was driven by a system
consisting of a hydraulic motor and hydraulic pump powered by an electric engine supplied from a
system of accumulators. The accumulators were recharged from the energy of non-intensive operational
machine modes by an electric generator powered by the hydraulic system of the tractor. We studied the
influence of the hybrid drive on the trailer in regards to the energy intensity of travel, the tensile force of
the machine, the slip of the chassis wheels and fuel consumption. The electric drive of the axle on a
loaded trailer was capable of boosting the machine performance by nearly 18 kW. While travelling up a
slope and switching on the trailer’s electric drive, we recorded that the prime mover’s fuel consumption
decreased by 35 % and the wheel slip decreased by 85 %.

Keywords: tractor, timber trailer, hybrid drive

1. Introduction

A tractor and trailer timber transport unit is used for chokerless skidding by hauling in short-length
logging operations. The tractor and trailer unit for timber transport combines an agricultural tractor as the
prime vehicle and the trailer as the cargo space. The required engine performance of an agricultural
tractor is from 50 kW to 110 kW in relation to the trailer size. The trailer has mostly a mechanically or
hydraulically powered twin axle. Lower payload trailers can even be equipped with an unpowered twin
axle. In the case of a hydraulic drive, the hydraulic motors are typically situated in the wheels of the twin
axle. For short-time use (overcoming uneven terrain), an auxiliary hydraulic drive can be applied, with
traction rollers (so-called Robson drive) introduced after activation in the tire tread pattern. A trailer’s
dead load usually ranges from 1 to 6.5 tons and a payload is 7 — 15 tons.

Basically, any vehicle power train is required to develop a sufficient power to meet the demands of the
vehicle’s performance, to carry sufficient energy onboard to support the vehicle travelling a sufficient
range, to demonstrate high efficiency, and to emit few environmental pollutants (Ehsani et al., 2004).
New solutions were sought for vehicle driving systems with respect to the diminishing crude oil supplies
in the world, the growing price of fuels, increasing environmental pollution, global warming, and hence
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the pressure on reducing the exhaust emissions. In modern history, the concept of the hybrid electric
vehicles started to develop in the 1990s namely in passenger cars.

Electric drives are already quite common in application with it heavily converted into electric energy. The
regenerated energy is stored in the capacitor and can be used to swing, or vehicles (Ponomarev et al.,
2014; Pohlandt, Geimer, 2015). The main motivation is to reduce the fuel consumption, plus to enhance
short-time machine’s performance or possibly also to use a smaller engine. Furthermore - the use of a
downsized engine will possibly result in a more compact machine layout and for example better visibility
and agility of the machine as well as in a reduction of noise and vibration levels at the operator’s station
(Einola, 2013). One of the first applications of the hybrid drives was implemented in the construction
machinery, namely in excavators. In the Komatsu excavator hybrid system, the electric swing motor-
generator captures and regenerates energy as the upper structure slows down and by the use of the
generator-motor helps the engine accelerate (Komatsu, 2017). Ishida and Higurashi (2015) described the
mode of using the hybrid drive in Hitachi wheel loaders. Two traction motors are driven by electric power
from the generator, which in turn is driven by the engine. Traction motors are used as generators during
deceleration to store the regenerative energy as electrical energy in the capacitor so that it can be reused
when accelerating. Minav et al. (2010) theoretically estimated the possibilities of energy recovery in the
main cylinder of a forwarder boom based on forklift data. According to their findings, the energy
efficiency of the whole system could be improved by 10 %.

One who has extensive experience in the development of the hybrid systems in forestry is the Swedish
company Elforest Technologies. They currently offer a complete system design with customized energy
storages based on batteries or super capacitors. Elforest Technologies developed and manufactured the
first forwarder in the world with the electro hybrid system for the drive transmission and boom. The
Company’s electric hybrid system merchandized as Elturbo was tested also on the Ponsse Ergo harvester.
Elturbo technology assists the diesel engine during sudden and high loads. An electric motor can, in
contrast to diesel engines, change its torque very quickly. Elforest's Elturbo, which is mounted on the
outgoing shaft of the diesel engine, reacts to the smallest deviations in RPM and instantly adds torque to
help maintain the RPM until the diesel engine can handle the load by itself. The result is a very even RPM
even when loads are high and sudden (Elforest Technologies, 2015). The Elforest Technologies hybrid
systems are used in heavy forestry machinery also by EDILOG and Engbergs loghandlers.

A Finnish company LOGSET OY offers two models of harvesters with the hybrid system based on the
electric motor and super capacitators used for energy storage. When the engine load is normal, the electric
motor functions as a generator charging the supercapacitors. For a peak engine load, the electric motor
discharges surplus energy to provide additional torque to pumps. The engine load is kept constant, which
reduces emissions per felled cubic meter (LOGSET OY, 2019).

The utilization of the electric drive in the doubled car axis allows immediately the increase in the
maximum power of the whole drive in extreme conditions. The auxiliary hybrid drives are not commonly
used in timber trailers. There are several hybrid solutions mainly focused on the lifting or chipper
function of the trailer, where the hybrid drive is used to reduce the total dimensions and weight of the
hydraulic components as well as the total fuel consumption (Minav et al., 2010) and (Prinz, 2018). Our
hybrid solution is focused on the auxiliary hybrid drive to provide additional energy during the timber
movement and is based on the standard hybrid architecture discussed in Fig. 1. The duty cycle of a
forwarder or vehicle train consists of several operations whose representation differs in relation to the
operator’s skills, cargo space size, parameters of logs, their concentration and hauling distance. A non-
negligible share of time in the forwarder duty cycle is spent on the work of the hydraulic crane on loading
and unloading logs. In the literature, information is given about a wide range of these values from ca.
48 % (Sanchez-Garcia et al., 2016) up to 80 % (Ghaffariyan et al., 2012). During this operation, the diesel
engine is usually loaded by the way not allowing passive regeneration of the solid particles filter, which
reduces its service life. These are exactly the moments when the hybrid drive concept presented by us
uses the free performance capacity of the diesel engine to recharge the system of the accumulators. Thus,
the optimization of the operational load on the diesel engine during the machine duty cycle allows the
passive regeneration of the solid particles filter and hence a longer service life for it. Other expected
benefits of forwarders with trailers equipped with the hybrid drive include the possibility for using a
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prime vehicle with the lower engine power. A fact that will favourably reflect in the machine purchasing
costs, and the positive affect at the same time the fuel consumption, too. The lower consumption of fuel
then entails also the lower production on emissions.

2. Material and methods

The hybrid drive was installed into a trailer with the payload of 10 tons, a width of 2400 mm and a twin
axle with tires 500/45 R22.5. The total load on the wheels of the front axle of an unloaded trailer was
2500 kg; the total load on the wheels of the rear axle was 2600 kg. The basic principle block diagram of
an electric timber trailer drive is shown in Fig 1. The electric drive can be split into the control and power
part. The power part consists of an electric source (lithium accumulator (2)), which is able to feed the
electric drive as well as to store electric energy during the braking of the trailer. The battery is kept in an
almost fully charged state by using the electric generator (1), which is driven by a hydraulic motor fed by
the tractor’s hydraulic pump. The battery is charged during the reduced power demands on the tractor’s
power (drive with an empty trailer, wood loading). The battery consists of 60 LiFePO4 CALB L135F172
cells connected in a series and a parallel combination (three parallel sections consist of 20 cells in series
connection). The battery voltage is 73.6 V with a total capacity 216 Ah (ca 16 kWh). The generator and
two electric motors (7, 8) are chosen as a three phase induction machines. The three phase DC/AC
inverters (2, 5, 6) ensure proper control of electric motors and the generator in all operational modes
(motor/generator mode). The whole power circuit is protected by the power fuse. Simultaneously, it is
possible to disconnect the electrical source (accumulator) from the electric drive by the power circuit
breaker. The control part consists of the main microcontroller, which controls all the power parts and
sensors of the electric drive together and cooperates with the higher control system of the timber trailer.
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Fig. 1 Block diagram of the hybrid trailer drive

The chosen three phase DC/AC inverter is based on the low voltage MOSFET semiconductor technology;
its parameters and the parameters of the induction machines are summarized in Table 1.

The prime vehicle was an agricultural tractor (engine power 97 kW) with the switched-off front axle
drive. After the connection of the unloaded trailer, the load on the front axle with the 14.9-28 tires was
3600 kg and the load on the rear axle with the 18.4-38 tires was 5400 kg. For indicative determination on
the average fuel consumption in //Ar we used data from the on-board computer of the tractor.
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Table 1 - Motor and three phase DC/AC inverter parameters

Motor parameters 1AY132M-4 Three phase DC/AC inverter parameters.
Power 15 kW Minimum operational voltage 18 VDC
Voltage 48V Maximum operational voltage 84 VDC
Frequency 100 Hz Nominal power 24500 W
Nominal current 275 A Current 340 A
No load current 169 A Peak power (10 sec) 28800 W
cos ¢ 0.72 Peak current (10 sec) 500 A

The effect of the trailer hybrid drive on the energy intensity of travel, tensile force of the machine, slip of
chassis wheels and fuel consumption was studied during field measurements on polygons test on the
premises of Masaryk Forest Training Forest Enterprise operated by Mendel University in Brno. The
measurements were taken on the private paved (asphalt macadam) road with the gradient of 6.2°. The
trailer was loaded with fir roundwood (length 4 m) and the cargo weight was 5700 kg. The vehicle’s train
weight was determined by weighing the load of individual vehicle train wheels on a Haeni ramp scale
with the measuring range of 0 — 5 tons. The energy intensity of the travel of the forwarder with the trailer
hybrid drive was calculated based on the values of hydraulic fluid pressure and flow. Pressure sensors
HT-PD ISDS (0 - 600 bar) and flow sensors (turbine ISDS, 9 — 300 I/min) were placed between the
hydraulic pump and hydraulic motor in three hydraulic circuits (electric generator, and driven wheels of
the left and right parts of the trailer’s twin axle). The sensors were interconnected with the MultiHandy
3010 recording unit. The data was evaluated in the Hydrocom programme. Mean values of hydraulic fluid
pressures and flows were used to calculate (see Equation 1) power input values provided to the hydraulic
motors on the trailer chassis wheels and to the hydraulic motor of the electric generators in individual
situations. The manufacturer of the used hydraulic system claims its efficiency to be 85 % and the
symmetrical distribution of losses between the pump and the motor.

P =pQn (1)

where: P is power input transmitted by the hydraulic fluid /W], p means hydraulic fluid pressure /Pa/, O
means the hydraulic fluid through-flow /m’.s”'] and 7 is efficiency /%]

Variables in the forwarder travel modes at measuring hydraulic fluid pressures and through-flows were
cargo space load (with and without cargo) and the adjustment of potentiometer controlling the input
power of the trailer’s hybrid drive (75 % and 100 %).

In the case of the tensile tests, traction force for the forwarder train travel was not induced by the wheels
of the attached tractor but by the pulling movement of another separate tractor. This separate tractor was
connected with the forwarder train tractor by means of chokers. Between the chokers, an instrument
measuring tensile force — an linear hydraulic motor (hydraulic cylinder) was fitted, into the inlet opening
on which the hydraulic fluid is supplied under the piston, a HySense PR 100 electronic pressure sensor
with the range from 0 — 600 bar was built in. The pressure sensor was then interconnected via a cable with
a MultiHandy 3010 measuring and recording unit, which recorded changes in the hydraulic fluid pressure,
which occurred due to changes in the tensile stress transmitted from the chokers inside the hydraulic
cylinder. The data was evaluated in the Hydrocom programme. By knowing the parameters of the
hydraulic cylinder: D = 80 mm, d = 40 mm (D - internal diameter of the cylinder, d — piston rod), we can
determine the tensile force transmitted from the chokers onto the rectilinear hydraulic motor by using
Pascal’s law as follows (2):

F =pS10 )

where: F is tensile force /NJ, p is hydraulic fluid pressure in the cylinder /bar/, S is effective area of
piston [cm?]

All measurements were taken with the forwarder train movement up a slope in the following travel
modes:
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e Separate tractor + tractor of forwarder train without a trailer in order to establish traction
demands in the forwarder train tractor travel

e Separate tractor + tractor of forwarder train with loaded trailer, travelling without the drive
of the trailer wheels

e Separate tractor + tractor of the forwarder train with loaded trailer, travelling with the drive
of the trailer wheels, and with the potentiometer controlling the input power of the hybrid
drive on the trailer gradually set to 25 %, 50 % and 75 %

For the calculation of slip and shoot of the machine wheels, we used modified Voltcraft mechanical
counters to register RPMs of the tractor’s rear driving wheel and RPMs of front (driven) and rear (non-
driven) wheels of the trailer’s twin axle. Circumferential length of the rear non-driven trailer wheel (that
only rolls and has no slips) was used as a standard (actual distance travelled), to which circumferential
lengths of the driven trailer wheel and rear tractor driving wheel were compared. Through the ratio of
these values we determined the wheel slip or shoot in percentages.

3. Results

A model (Fig. 2) of a timber trailer drive for the estimation of the electrical drive parameters (mechanical
and electrical) according to the chosen drive profile was designed in the MATLAB/Simulink programme.
The tractor was also considered in the simulation model.
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Fig. 2 A basic model of the trailer’s electrical drive realized in MATLAB/Simulink.

Parameters of the simulation models were chosen according to real forwarder parameters together with
the defined speed demands. Two drive profiles were taken into account according to Fig. 3.
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Fig. 3 - Two drive profiles P1 and P2 (dashed line) chosen for the electrical drive design
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Thanks to the designed simulation model, it was possible to estimate the required torque, power and
energy consumption during the drive profile. Results of the simulation are summarized in Tab. 3. There
were two drive profiles chosen for the hybrid drive system design. These two profiles (P1 and P2, see
Fig. 3) are defined by a different slope trace and different surface (letter “a” denotes the column where a
solid terrain with a friction coefficient of about 0.001was taken into account, letter “b” denotes the
column with a less solid surface with a friction coefficient of about 0.05). The number of drive cycles was
counted for a battery with a defined capacity of 16 kWh. The energy covered by the accumulator was
calculated considering the chosen tractor. The tractor power is placed into round brackets in Table 2.

Table 2 - Simulation results

. Maximum Motor Maximum | Velocity | Battery capacity | Number of

Terrain

tvoe Torque power slope cycles

yp [Nm] [W] [deg] [km/hr] [Wh] (16 kWh)

Pla 3000 143000 15 7 4920 (110 kW) 90
Plb 6500 150000 15 7 6255 (110 kW) 79
P2a 3300 78500 8 7 1117 (70 kW) 214
P2b 4000 84000 8 7 1993 (70 kW) 150

Results summarized in Table 2 show that the chosen battery total capacity (ca 16 kW) is sufficient for the
chosen drive profiles at the maximum allowable forwarder’s weight and speed. In the heavy terrain
(unpaved road steep trace profile slope), it is possible to realize up to 3 traces. If an easier terrain is
expected, it is possible to pass 8 traces. Therefore, the battery is acceptable with a sufficient energy
reserve e.g. for battery charging, etc.

Some basic measurements have already been taken on a built prototype to verify the model based designs.
During the harvester operation cycle, the measured battery current and voltage (Fig. 5) show satisfactory
compliance with the simulated data (Fig. 4). The differences in current and voltage waveform are given
by the battery inner resistance, which was neglected in the simulation model.

1000 T T T T T T 7]
<
<
© 500 .
=
O
O 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40
Time [min]
80 T T T T T T
— 60 ———————— e
=
o
E 40 A
S
20 .
0 Il 1 1 1 1 1 Il
0 5 10 15 20 25 30 35 40
Time [min]

Fig. 4 - Simulated data of the battery current and voltage during the trailer operation cycle
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Fig. 5 - Battery current and voltage measured during the trailer operation cycle

The mean values of the pulling force required for the forward movement of the tractor and loaded trailer
on the paved road with a gradient of 6.2° in the defined operational modes are presented in Tab. 3.

Tab. 3 — Mean values of the pulling force in defined operational modes of tractor and loaded trailer

Travel Wheel slip Mean value of

Operational mode speed intensity in pulling (pushing *)
separate tractor force F

[knm/hr] [%] [N]
Forwarder train tractor without trailer 4.5 <5 10566
Trailer without wheels drive 1.5 > 30 15074
Trailer with wheels drive, potentiometer 25 % 2.5 <10 9792
Trailer with wheels drive, potentiometer 50 % 3.0 <5 4157 *
Trailer with wheels drive, potentiometer 75 % 3.2 0 5665 *

Table 3 indicates that the mean value of the pulling force required by the forwarder train tractor without
the trailer for moving forward was 10566 N in the given conditions. Under the same conditions, the
separate trailer with a cargo of 5700 kg without the wheels drive required a pulling force of 15074 N. The
required pulling force was reduced by 35 % already by setting the potentiometer controlling the input
power of the trailer hybrid drive to 25 %. The potentiometer adjustment to 50 % fully covered the pulling
force requirements of a loaded trailer and contributed to the forward movement of the prime tractor of the
forwarder train with a mean value of 4157 N pushing force.

Table 4 shows the values of power input and slip of the driven front wheels of the trailer’s twin axle
during travelling with the load uphill onto the paved surface. The potentiometer controlling the power
input of the trailer hybrid drive was set to 75 %, the tractor was in gear Al and the tractor RPMs were
1800 n.min’".

Tab. 4 — Input power and slip of the front wheels of the trailer’s twin axle during travelling with the
load up a hill

Cargo Travel Slip of tractor rear Slip of trailer front Input power of trailer
speed wheels wheels front wheels
[kg] [km/hr] [%] [%] (kW]
0 2.5 1.4 6.4 7.2
5700 2.2 -1.8 3.2 6.5
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During the measurements, we recorded negative values of wheel shoot on the rear tractor axle at the
potentiometer setting at 75 % and more ranging from -0.7 to -2.4. Negative shoot values were detected
also in the front trailer travel wheels upon the drive switch-off, i.e. at the time when the wheels were just
rolling over the ground surface. This fact may indicate a negligible but still measurable influence of
putting on the brakes of the driving rotational hydraulic motor of the wheels. Upon switching on the drive
of the trailer’s twin axle travel wheels, the slip rate of the rear driving wheels on the prime tractor
decreased. The fact showed namely during the travelling of the tractor with the loaded trailer up the hill a
reduction of the slip of the wheels from about 35 % to 0 - 5 %.

According to our findings, the requirement of the electrical generator power supply for charging the
system of batteries is 8.3 kW. Power inputs required for lower energy-intensity operational modes, i.e.
during the forwarder train travelling down the hill, over a flat terrain or during loading/unloading range
from 3 to 9 kW. The maximum value of the power input provided to the driven wheels on the trailer’s
twin axle during uphill travel and to the potentiometer controlling the power input of the hybrid drive set
to 100 % was about 17.7 kW.

The values of the average fuel consumption given by the on-board computer of the forwarder train tractor
can be considered indicative only. Despite the fact, an essential difference can be seen between the fuel
consumption of a tractor pulling the loaded trailer up the hill without the drive (10.3 I/hr) and with the
hybrid drive on the twin axle (6.7 1/hr).

4. Discussion

The above results show that the chosen battery total capacity (ca 16 kW) is sufficient for the chosen drive
profiles at the maximum allowable forwarder’s weight and speed. In the heavy terrain (unpaved road
steep trace profile slope), it is possible to realize up to 3 complete work cycles and about 8 complete work
cycles can be implemented if an easier terrain is expected. Therefore, the battery is acceptable with a
sufficient energy reserve e.g. for battery charging, etc. Demands on the tractor’s power and its fuel
consumptions are reduced and the recuperated energy amount is much larger (ca hundreds of kJ) in
comparison with the solution discussed in Minav et al. (2010) and Prinz (2018), where the recuperated
energy is about tens of kJ during one operating cycle.

In respect to the power input from the electrical drive, tensile force, travel speed and slip of wheels,
optimum results in the terrain passage of the forwarder train were achieved with the control potentiometer
adjusted to 100 %, Al tractor gear and tractor engine RPMs of 1800 min™'. In the given case, the loaded
forwarder train travel speed up the hill was 3.0 km. The values of electric generator power input for
charging the system of batteries and power input for less energy intensive work operations calculated on
the basis of actual operational parameters confirm our assumption that batteries can be recharged during
the operations in the daily work regime of the forwarder’s train.

Values of the pulling force required for the forward movement of the tractor and loaded trailer were
determined on the road with a paved surface. It can be presumed that under the same slope conditions of
unpaved road, the pulling force demand for the forwarder train tractor will not be so significant thanks to
the lower efficiency of tractive force transmission from the wheels onto the ground surface.

Janulevi¢ius and Pupinis (2013) studied the wheel slip of timber transport unit travelling in the rutted
track in the flat terrain of a field in relation to the burden of the weight and drive option of the trailer’s
twin axle wheels. In the situation when the tractor had the front axle drive switched off and the twin axle
of the trailer was driven only by the front wheels, during this travel they recorded without a load a wheel
shoot on the tractor’s rear axle of -0.1 % and a slip of 1.2 % on the front wheel of the trailer’s twin axle.
Travelling with the load, slip values on the rear tractor axle and on the front wheel of the trailer’s twin
axle were 7.3 % and 8.5 %, respectively. Despite the differences in our conditions (travelling up the hill
along the paved surface and nearly double the weight of the forwarder train), we recorded in accordance
with the colleagues a shoot of wheels on the rear tractor axle when the drive of the trailer’s twin axle was
switched on. Minus the shoot values — 1.8 % on the rear tractor axle were recorded when the loaded
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forwarder train travelled with the potentiometer adjusted already to 75 %. Although this is apparently not
an optimum situation (indicating that the drives of both the tractor and trailer are not harmonized), it
documents at the same time the energy sufficiency of the trailer’s hybrid drive.

The use of the hybrid drive in the conditions of a loaded forwarder train travelling up the hill was capable
of reducing the fuel consumption by 35 %. Spinelli et. al. (2015) mention an average fuel consumption of
6.3 l/hr for a forwarder train with the tractor of the same performance and trailer with a payload by two
tons lower during a 14-month period of standard operation. The use of the hybrid drive in our trailer with
a higher payload allowed the reduction of the average fuel consumption measured in the most severe
work conditions (loaded trailer travelling up the hill) to a comparable level of 6.7 I/hr.

The following example illustrates the possible fuel savings in specific working conditions. At an average
skidding distance of 500 m, six work cycles per shift with an average speed of 2.8 km/hr and 80 % of the
forwarder train employment per year, the use of the hybrid drive in those given work conditions would
bring a savings of 1123 litres fuel per year.

5. Conclusion

The operational evaluation of timber transport unit with a trailer equipped with the hybrid drive
corroborated the system functionality in harsh operational conditions. In operations of lower energy
intensity, energy can be stored in the system of accumulators and later used to strengthen the trailer’s
performance in difficult terrains. The use of the electrical drive on the front wheels of the trailer’s twin
axle reduced the fuel consumption of the prime tractor and improved the forwarder train passage through
the terrain by reducing the wheel slip. The fact that the electrical drive strengthens the trailer’s
performance in difficult working conditions allows the use of a tractor with a downsized engine, which
will favourably reflect in the investment costs as well as in the economy of a forwarder’s train operation.
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Abstract: Wheeled forest machines, such as skidders, forwarders and harvesters, transfer their weight
and wheel forces over the footprint of their tyres.

The larger the area of these footprints is, the higher the traction force transmitted and the lower the re-
sulting rut depth will be.

Besides soil condition, wheel loads and tyre dimensions, tyre inflation pressure plays the main role in
determining the footprint area.

The minimum inflation pressure confirmed by the tyre manufacturers for a specific wheel depends on
wheel load, maximum driving speed and characteristics of the terrain. The forest tyre industry has recent-
ly developed extra low inflation tyres.

Technically, often a higher inflation pressure is used to avoid the wheel sliding on the rim, which often
resultsin a puncture unlessit is a tubel ess specification. Also, obstacles may push the tyre off the rim hub,
and pieces of wood may enter between rim and tyre.

In this report, a wheel design new to the Central European market will be introduced, which will avoid
both problems and thus will enable using the full potential of low inflation forest tyres.

Keywords:. forwarder, inflation pressure, rutting, traction, driving efficiency, bead-lock.

1. Introduction
The forest tyre and its footprint are important for the performance of a wheeled forest machine.

At a given wheel load and pulling force, it has a major influence on
* floatation (rutting, trafficability)
* traction (gross and net pulling force)
¢ driving efficiency (slip, rolling resistance)
e vibration insulation (driving comfort, on- and off-road)

In the last years, manufacturers have developed forest tyres which allow driving with a reduced inflation
pressure. At the forest machine show Euroforest in France (June 21-23, 2018), the forest tyre manufactur-
er Alliance presented the first members of the new ELIT-program (Engineered Low Inflation Tyre).

The following paper discusses the influence of a lowered inflation pressure and describes an innovative
wheel design, which solves some limiting problems when using forest tyres at the lowest pressure ac-
ceptable.

The paper covers wheeled forest machines such as skidders, forwarders and harvesters in the size domi-
nating in professional timber harvesting in Europe. The design can be 4WD, or, with bogie axles, 6WD or
8WD.

The use of bogie tracks to increase floatation and / or traction is not covered, nor is arctic timber harvest
at deep frost and / or massive snow.
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2. Impact of low inflation pressureon theinteraction of soil and forest tyre

The behavior of tyres is depending on the inflation pressure.

M. Saarilahti [Saarilahti 2002] gives a comprehensive overview of the known models describing the soil

interaction of forest tyres. Most of the models are based on the WES-method.

As the inflation pressure determines the deflection of a specific forest tyre at a specific wheel load, all
diagrams and equations mentioning the deflection also give the tendency for the inflation pressure.

There is a numerical value equation to calculate the deflection of a forest tyre from the inflation pressure

[Saarilahti 2002]:

8 = 0.008 + 0.001 - (0.365 n

where
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deflection, m
inflation pressure, kPa
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With the help of this equation, the results of the research based on the WES-method can be used concern-

pi_(kPa)

W=50 kN Bereifung 750/55-26.5

Fig 1: Deflection over inflation pressure, calculated according to Eq.(1)

1999] and [Marusiak and Neruda, 2018].

Ebel (2006) quotes numerous authors as follows:

ing the wheel perfor-
mance depending on
the inflation pressure.
The WES-method was
developed in the Wa-
terways  Experiment
Station in Vicksburg,
Mississippi, a United
States Army Corps of
Engineers research
facility. It is based on
semi-empiric  model-
ling of wheel perfor-
mance and on measur-
ing soil penetration
resistance by a stand-

ardized cone pene-
trometer.
Examples for results

based on WES are
[Wijekoon et al. 2012],
[Saarilahti and Anttila,

“... by reducing the inflation pressure, the tyre’s deflection increases and the wheel load is distributed
over a bigger footprint, thus reducing the contact pressure and soil penetration. In this context, additional

advantages of reduced inflation pressure are mentioned:
* reduced soil compaction,
* reduced rut depth
* reduced rolling resistance,

* improved pulling force transmission and improved driving efficiency at less slip,

* lower fuel consumption
*  higher driving comfort due to vibration insulation for the operator
* less dependency on the weather
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and
*  Dbetter self-cleaning of the tyres.”

The test machine for this article is a 14 ton forwarder with eight wheels 750/55-26.5. The recommended
inflation pressure for using bogie

HSM 208F14 (FOFW&I’dEI’ZOZO) tracks is between 550 and 600

Front Axle |Rear Axle total kPa. With the experimental tyres

adapted for an extra low inflation

[kN] [kN] [kN] pressure, the fr)cint ty::/es (wheel

empty 110,0 80,0 190,0] load 33 kN loaded) were filled

with 140 kPa and the rear tyres

Load 20,0 120,0 140,0] (50 kN loaded) were filled with
loaded 130,0 200,0 330,0| 240 kPa.

wheel load 32,5 50,0

Fig 2: Wheel loads of the test forwarder

Saarilahti (2002) quotes a field observation of Ldfgren (1992) measuring the rut depths of a forwarder
travelling with %2, % and full load and with inflation pressures of 100, 240 and 380 kPa. At full load, the
reduction in rut depth was 26.5% between 380 kPa and 240kPa and 51% between 380 kPa and 100 kPa.

In another test under Swedish conditions, the rut depth resulting under a 8WD forwarder was not chang-
ing significantly between 300 kPa, 450 kPa and 600 kPa (Eliasson 2005).

Also under Swedish conditions, tests showed a reduction in rut depth after 10 passes of the loaded for-
warder of approx. 35% at an inflation pressure of 450 kPa instead of 600 kPa (Wijekoon et al. 2012, Fig-
ure 6). This is unexpected because the deflection of the tyre and its footprint are not changing massively
between these two high pressure settings.

By lowering the inflation pressure from 300 kPa to 120 kPa, the contact area was reported to be enlarged
by 29% (Tobisch 2001).

Backhaus (1994) has tested skidder tyres with very low inflation pressure settings. Standard pressure was
220 kPa; the footprint was increased by 23% at 100 kPa and 39% at 60kPa. The use of this low pressure
setting was only possible with the BLS safety rim, which locks the bead to the rim with 6 rim-lock devic-
es.

The increase in tractive effort has been reported as high as 10% to 14% by lowering the inflation pressure
from 300 kPa to 100 kPa. This was tested on claylike-sandy silt with a humus layer with and without a
brush-mat and at 20% and 40% water content. Also the slip was altered from maximum force to a reason-
able value of 20% (Jacke und Drewes, 2004).

In another report, the tractive effort was increased by 22.8% on a skid trail by lowering the inflation pres-
sure from 300 kPa to 120 kPa (Tobisch 2001).

On a skidder, Stoilov (2007) reports an increase of the net traction of 6.8% by reducing the inflation pres-
sure from 230 to 190 kPa.

A reduction in fuel consumption was published as high as 8% on a skid trail on a 5% slope downhill with
a brush-mat and 14.9% on a 5% Slope uphill without a brush-mat. The inflation pressure was altered from
370 kPa to130 kPa (Burk und Weise, 2005). The reduced fuel consumption is a product of reduced rolling
resistance and reduced slip.
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Bloch et al. (1992) are reporting significantly lower full body vibrations during work with a skidder with-
out wheel suspension. Reducing the inflation pressure from 150 kPa to 100 kPa results in a reduction of
the vibrations between 20% and 30%, especially in vertical direction.

3. Limitations of Lowering the Inflation Pressure

3.1 TyreDesign

Depending on the tyre design and dimensions, the wheel load, the travel speed and the classification of
the terrain, the manufacturer requests a minimum inflation pressure. These parameters are concluded by a

Fig 3: Cracks caused by low inflation pressure
designer of low inflation pressure tyres.

3.2 Torque Transmission

committee of tyre manufacturers, but
exceptions for purpose-built low
inflation tyres have been made late-
ly.

If a tyre is running for a longer time
with an inflation pressure which is
too low, damages may occur. Typi-
cally, there are radial cracks in the
area off the shoulder of the tyre, see
Fig. 3.

When the deflection exceeds a criti-
cal value too often and at higher
speed, radial cracks such as those
above may occur. Also when
equipped with a tube, excessive
deflection will increase the wear on
the tube massively and reduce the
lifetime significantly.

The design of forest tyres — radial or
bias design — will be a compromise
between low inflation pressure abili-
ties and robustness, reliability and
endurance.

This is indeed a challenge for the

Standard forwarder tyres are mounted on “AG” type rims with a seat angle of 15° and a low rim flange.

Fig 4: Tyre bead on a hump rim AG, Trelle-
borg (2018).
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Fig. 4 illustrates the contact area between the
hump (1), the bead seat (2) and rim flange (3). For
the forwarder tyres, up to 500 kPa of inflation
pressure is used during fitting on 15° rims (Trelle-
borg 2018).

Tyre slippage on the rim is a major problem in
connection with lowering the inflation pressure.
Already with the standard inflation pressure set-
tings, the effort of the manufacturers for the preci-
sion of the preload and the stiffness of the bead is
high. At higher inflation pressures, the bead is
pressed against the bead seat and this normal force
increases the friction force, thus enabling higher



torque between the rim and the tyre to be transmitted. The knurling on the bead seat crucial and it is best
not painted.

A slipping wheel on the rim will destroy
the tube by tearing off the inflation valve.
Even in the tubeless version, intense
wheel slip will wear out the contact area
of the tyre bead and therefore further
reduce the torque transmitted between rim
and tyre.

Knurling for tire slippage on rim prevention
E—

Fig 5: Knurling on the bead seat, Nokian (2019)

3.3 Obstacles pushing the tyre off therim’s hump

Due to side sliding of the wheel during cornering and on side slopes, obstacles such as pieces of wood or
branches can slide
between the rim

flange and the tyre,
see Fig. 6. Especial-
ly wooden splinters
can be pressed with
high forces against
the rim flanges
when the wheel is
side sliding against
a tree stump.

With tubeless
mounted  wheels,
this may lead to a
puncture, some-
times rather slowly.
Even with a tube,
the friction between
rim and tyre will be
reduced and may
lead to a puncture
due to a torn off
inflation valve.

Fig. 4 illustrates the

hump (1), which is meant to support the bead towards the inside against side forces from the outside

against the tyre. With the extra support of a higher inflation pressure, this system works reliably.

Fig 6: Wooden splinters entering due to low inflation pressure.
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4. Forest Wheel Design

In the forest, often the inflation pressure is set to values between 450 and 600 kPa for driving with bogie
tracks. Trelleborg (2018) requests 600 kPa and Nokian (2019) recommends 550 kPia when using bogie
tracks for the typical tyres used on bogie axles.

External or onboard devices for rapid adjusting of the inflation pressure during mounting and demounting
the bogie-tracks are not common. In Central Europe, the tracks are mounted and demounted frequently,
often several times per week. Therefore most of the forwarders will operate with a higher inflation pres-
sure than necessary when driving without tracks.

A solution to the problem of wheel slippage (see 3.2) and wooden splinters entering between rim and
wheel (see 3.3) is described by Backhaus (1994). The rim design with six bead-lock devices (BLS rim =
Bead Lock Safety by Trelleborg) enabled reliably the use of a very low inflation pressure (down to 60
kPa) with a rather small skidder (wheel load 17.4 kN and 21.3 kN). There were no problems anymore
reported as above after using the new rim design delivered by Trelleborg.

The same rim design was used for the tests concerning full body vibrations and very low inflation pres-
sure (Bloch et al. 1992).

'.,.u. N

0 ,!"uu.mm

Fig 7: Test forwarder with bead-lock rims

The forwarder to test the new low inflation pressure wheels has the following technical specification:

e HSM 208F 14 ton (payload), SWD, weight empty 19 tons, loaded 33 tons

*  max gross pulling force 195 kN

* 8 tyres 750/55-26.5, modification for low inflation pressure, 750mm wide, diam. 1465 mm
*  Dbead-lock rim design
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* wheel load front 32.5 kN loaded, p;= 140 kPa
* wheel load rear 50.0 kN loaded, pi=240 kPa
*  max speed 20 km/h (limited for onroad regulation)

Although the forwarder has eight wheels, the wheel loads are more than the wheel loads of Backhaus
(1994) and Bloch et al. (1992).

In the relevant literature, there are very few remarks made in the meantime concerning rims allowing the
lowering of the inflation pressure, especially not in connection with bogie axles.

Fig. 8 shows the new rim design with bead-lock. Two outer rings with a 15° bead seat are bolted against
the wheel. The rim centers the
ring and has a counterpart for the
rim flange. Between these two,
the bead is locked with the force
from the bolts, which is signifi-
cantly higher than the side force
on the bead created by an infla-
tion pressure suitable for track
use, > 500 kPa.
The inflation pressure increases
the side normal force on the
outside contact area, while de-
creasing it on the inside.
For the tubeless use, a minimum
preload must be reserved to
ensure the sealing on the inner
side contact.
For very low inflation pressure
settings, the tubeless version will
avoid the high wear of tubes due
to the strong deflection.
The fitting of the tyre and the
tube on the rim did not show any
problems on a standard tyre
changer. The fitting of the rings
and the tightening of the bolts
with a 3% electric impact driver
was time-consuming and there
seems to be potential left for
Fig 8: Bead-lock rim improvement.

During the first hundreds of hours
of testing, there were no problems with deformed rings or loosened bolts occurring. From the cost side,
this project looks critical compared to standard rims.

The corners of the bead are being compressed, even more than with a hump rim. The design allows for a
certain tolerance of the width of the bead. This will be necessary
to adapt to different tyres and brands.

Depending on the preload created by the bolt forces and the infla-
tion pressure applied, the design should be suitable for tubeless
use as well.

With standard rims the bead is more flexible to deform elastically
at high deflections of the tyre. The first reaction of the engineers
developing the forest tyres was positive about this design. They

Fig 9: Detail of bead-lock
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assumed an advantage for the tyre design if there was a reliable bead-lock.

Depending on the bogie axles, -- rather with the portal- than with the planetary-end drives -- the space
next to the inside of the ring is very limited. It is clear that planetary end drives will be an advantage for
these rims. Though, as the prototype rims prowved, the use with portal bogies is also possible.

The presented rim design is in prototype status. From the health and safety point, multipiece rims need to
be handled with extra care by the operator and service technician. A failure can result in violent separa-
tion and the explosive release of pressurized air. It must be absolute clear to anybody involved, that the
bolts fastening the rings to the rim must not be unscrewed before the inflation pressure is completely
released.

5. Conclusion and Further Development

The use of a lower inflation pressure for forwarder tyres concerning floatation, traction, reducing wheel
slip and insulating vibrations from the ground to the chassis is very evident in the scientific literature.
Among the tyre manufacturers, there is a trend to develop tyres for low inflation pressure and higher
deflections. To enable the use of the benefits of this development, wheel slippage on the rim and entering
of wooden splinters must be avoided. This can be done with the use of a rim with a bead-lock, as pro-
posed in this article.

Every standard forwarder driving without tracks can benefit from this development. For mixed operations
with and without bogie tracks there will be a need for a quick adaption of the tyre pressures during
mounting and demounting of the tracks. Powerful compressors, external or integrated in the forwarder,
are available.

The best effect is obtained by over-specifying the tyre dimensions and then using a lower inflation pres-
sure due to the low wheel load.

There seems to be quite some potential for both soil conservation and increased performance in this de-
velopment. The development will be driven rather by market demand than by technical advantages.
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Abstract: The usage of bogie tracks on forest machines, especially on harvester and forwarder, has
been increased clearly for the last years. There are different reasons which favor the usage of tracks on
wheel based forest machines. Firstly there is a possibility to increase the traction and reduce the slip by
using tractive tracks. One the other hand it is also possible to improve the floatation and decrease ground
disturbance with wide and long chain links for higher amount of contact area between tires and
underground. Various manufactures offer different types of bogie tracks for manifold tasks in the forest
sector. For these types of tracks steal is the mostly used material. In the project “Soil protecting use of
forest machines” the advantages and disadvantages of synthetic tracks (FelastecTM) in comparison with
steal tracks and tires will be reviewed with focus on static and dynamic pressure allocation and also the
rutting process and the amount of slippage on skidding trails will be compared. So there can be given
proposals, whether the usage of tracks is helpful or unnecessary in different environmental conditions.

Since the start of the project there have been a lot of measurements in the test fields east of Gottingen
(rutting on skidding trails) and in the test stand at the campus (PrAllCon — stat-ic/dynamic) with a Rottne
F14 Solid forwarder. Methods of data gathering, main results of measurements and final conclusions in
recommendation of track usage will be given at the 52th International Symposium on Forestry
Mechanization.

Keywords: laser scanning, rutting, soil disturbance, tracks, pressure allocation
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MEASURING OF WHEEL RUTS DEPTH IN FOREST TERRAIN WITH
DRONE AND DIGITAL STEREO PHOTOGRAMMETRY

Tomas Nordfjell*, Rasmus Wictorsson
Department of Forest Biomaterials and Technology
Swedish University of Agricultural Sciences
tomas.nordfjell@slu.se

Soil disturbance due to wheel ruts and compaction of the soil is often evident in machine-operated
areas. It is however time consuming to measure and evaluate those soil damages with high accuracy for
comparison between different machine configurations. The traditional manual method is to measure the rut
profile at fixed intervals (cf. Sakai et al. 2008). Forestry inventory and mapping of forest related damage
using aerial photography has been used for many decades (Sylvander 1972). Photogrammetry has been
demonstrated for data collection on the surface structure of the soil as early as the 1990s. (cf. Warner 1995).
Flying drones have been used in military applications for a long time, but it was around year 2010 that they
reached the forestry sector in some notable extent (cf. Turner et al. 2012). Ohman & Asplund (2015) have
shown that it is efficient to do inventories with a flying drone in storm-damaged forests to plan the
harvesting operation. Pierzchala et al. (2016) have shown that soil damages in steep forest terrain can be
evaluated with a flying drone and 3D photogrammetry. Despite this, the technology is still considered new
in operative forestry.

The overall purpose with this study was to develop a method for measuring wheel ruts made by forest
machines in regeneration-felled areas with a flying drone and digital photogrammetry, and to investigate
the accuracy with this method. The detailed aims was to evaluate if the accuracy differs between:

i) a drone flying height of 60 or 120 m.
i) ruts in the middle of an open clear-cut or close to other stands
1ii) deep or shallow ruts

In a field object and a control object, drone photogrammetry measurement from 60 m and 120 m flight
height was used, with manual measurements as a reference method. The field object was a 4.5 ha clear cut
area recently harvested, and with a rather high concentration of ruts. In total 20 plots with 10 m length, each
was manually inventoried. The plots was divided into three groups with the average depth of about 18, 29
and 48 cm respectively. The control object was on a flat agricultural land with simulated ruts of two uniform
depths of about 20 and 80 cm. The ruts on control plots were done with a small excavator. The drone
photos were taken with 80% overlap to next photo in all directions. Ground control points were done with
white color marks. The field object and control object had 10 and 12 Ground control points respectively.
The photos was thereafter imported to a 3D point cloud program (Agisoft PhotoScan Professional). Then,
the 3D point cloud was exported to the program Quick Terrain Modeler, and the rut depths could be
measured (cf, figure 1).

There were no significant differences between manual measurement and the remote measurement from
60 or 120 m height (p-values 0.37 and 0.28). Drone measurement of wheel ruts depth from 60 and 120 m
showed similar values, but with a higher standard deviation for the 120 m flight height. A linear regression
between manual measured rut depths and drone measured depths gave a R? of 0.83 for 60 m flight height
and 0.77 for 120 m flight height on the field object. It was however difficult to match the manual and drone
measured points exactly on the field object, and this explained part of the variation. On the control object
with more homogeny conditions, on the other hand the difference between manual measurements and the
remote drone measurements did almost not exist. A similar linear regression between manual measured rut
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depths and drone measured depths gave a R? of 0.99 for both 60 m and 120 m flight height on the control
object.

Figure 1. 3D point clouds based on 60 m flight height.

The result was in general equal good if it was deep or shallow ruts to measure. The result was also
in general equal good when the rut was close to trees or in the middle of an open area. The only drawback
found with photogrammetry was that it is not possible to measure in water-filled ruts. It will then only be a
measure down to the water surface. However, it is normally possible to detect that it is a water surface in a
rut, since it is shown as a very flat area on the 3D photogrammetry images.

Data collection via aerial photography was shown to be less time-consuming than the manual
reference data collection. In research, this methodology can give even more detailed data on rut formation
than manual methods normally tend to do. In addition, measures like the rut volume can be estimated with
existing algorithms, and this is very time consuming to measure manually. In a practical application, remote
measurements with digital stereo photogrammetry can be developed to an operational monitoring of soil
damages that covers large areas and gives reliable samples. In practical application, remote drone
photogrammetry measurements can contribute to cost savings in operational forest operations.
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OPERATIONS PROTOCOL FOR ASSESSING TRAFFICABILITY PRIOR TO
LOGGING OPERATIONS - KEY FINDINGS FROM THE EFFORTE
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Abstract: [t is generally wetness that makes forest soil loose and soft. However, different soil types react
in different ways towards changes of moisture content. In inorganic soils grain size distribution generally
controls the magnitude of hydraulic conductivity and the wideness of the scale in which moisture content
varies in forest soil. Thickness of organic layer above the inorganic layer and proportion of organic
substrate within the inorganic layer has also significant influence on the strength of soil. Topography
may to certain extent be benefitted in assessing trafficability of forest soils.

Based on the key findings in the EFFORTE project, funded by EU, an operations protocol has been
compiled. The protocol summarizes the best understanding about trafficability of forest soils. The
protocol is meant as a guide for practical operations. The protocol is divided into three parts. The first
part classifies forest soils in trafficability classes by wetness, soil type and topography. It is basically
meant for areas with insufficient access to exact geographical data sources. The second part presents
models that predict strength of soil and the third part enhanced map layers and computational models
that may be utilized in predicting trafficability of soil prior to operations.
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Abstract: Within the Forwarder2020 EU-Project, which is headed by “Hohenlohe Spezial
Maschinenbau” (HSM), a new bogie axle was designed to especially suite wet and soft soil conditions.
The new axle consists of 2x3 driven wheels in the same diameter, which makes the use of specifically
designed, wetland bogie tracks possible. Nevertheless, the larger bogie axle with its bigger constructional
parts leads to higher machine weight, which increases even more when using those large bogie tracks
additionally.

The aim of research during the field tests in Saxony strived to investigate the soil-related environmental
impact of the new technology. The applied methodology is based on Heubaum & Padberg (2014) what is
locally used as information database complement to the soil protection guidelines of the Saxonian Forest
Commission. Therefor a cumulative multi-pass test was performed on several selected skid-trails with a
fully loaded forwarder. In addition to the weight of the machine-setup, the soil shear strength, the soil
humidity, topographic characteristics and the relating rut depth development were recorded. Afterwards,
the machine was compared towards the existing datasets of the Saxonian Forest Commission regarding
the observed soil conditions. Besides the manual rut depth measurements, terrestrial laser scanner (TLS)
data were gathered after every second passage to test a potential data-source enhancement of the sample
size.

The evaluation of a subset of the manually gathered data show, that especially under those conditions,
where the soil bearing capacity is low and drops towards the technical feasibility of ground-based
excavation the developed rut depts still do not exceed the 10cm warning threshold of the Saxonian Forest
Commission after a defined amount of 90m3 of hauled timber. This superior performance of the triple
bogie seems to hold still true with a higher number of passages as found in clear-cut hauling situations.

Keywords: Forwarder2020, triple bogie, soil protection, forest production, wetlands
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Abstract: Forestry operation carried out by heavy machinery may results in substantial, long-lasting,
and sometimes irreversible soil damages (increased soil erosion, reduced porosity and water infiltration).
The damages extent and severity may be depending of harvesting systems, soil and machine
characteristics. Contrasting results have been published about the effect of skidding and forwarding on
soil compaction and rut formation. In order to analyses the spatial distribution of soil disturbance more
accurately, new methods based on the 3D soil reconstruction have been developed. In this context, the
overall objective of this study was compare rutting and soil compaction caused by forwarder and skidder.
Innovative and traditional methods were applied for determining soil disturbances: i) manual
measurement and 3D soil modelling by close-range photogrammetry and portable laser scanner analysis
were used to determine rutting and soil displacement; ii) cone penetration resistance, soil bulk density
and soil porosity measurements were used for determining soil compaction. Our findings show a
relationship between soil compaction (i.e. cone penetration resistance) and rutting (i.e. total reduction of
soil volume) in low moisture soil condition. The shortest data acquisition was observed during the
portable laser scanning, while in accuracy rutting estimation was higher in close-range photogrammetry.
The comparison of photogrammetric and manually-measured profiles confirmed that Structure For
Motion photogrammetry can be an accurate instrument for the modelling of ground morphology and the
analysis of soil disturbance after forest logging. Furthermore, the results showed the effect of harvesting
systems on soil disturbance. In conclusion, soil disturbances were higher for skidder than for forwarder
considering the same wood volume extracted.
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Abstract: Automated and unmanned operations are being investigated to reduce labor load and improve
labor safety. This paper suggests running along the cutting slopes of logging roads to keep traveling on
the roads, for the autonomous driving of forwarders. This study aims at identifying a suitable ranging
sensor along with its mounting height and orientation, clarifying the relationship between the measured
distances and actual positions of a forwarder on a logging road, and determining the control parameters
for autonomous driving. For this, three types of ranging sensors were compared, and an ultrasonic sensor
was chosen. The measurable angle between the incident wave of the sensor and surface normal was 25°
with acceptable accuracy. The target distances to control the forwarder were 59.5-83.0 cm.

Keywords: ultrasonic wave sensor, incident angle to surface normal, ranging accuracy, sensor position,
control parameter

1. Introduction

Automated and unmanned operations are being examined to reduce labor load and improve labor safety.
Forwarding is one of the typical operations used for such studies in the forests of Japan. This is because
forwarders travel through the same path on logging roads that are constructed on steep terrain and
connected between loading and unloading points. There have been several studies on autonomous driving
of forwarders. Mozuna and Yamaguchi (2000) used permanent magnets and a fiber-optic gyroscope for
indicating path and detecting the running direction. Mozuna et al. (2016) used human teaching operations
along with the instruments used in the previous study. Shiratori et al. (2009) used stereo cameras for
machine vision for road edge detection. Lastly, Usui and Mozuna (2018) used a time-of-flight camera to
detect strip roads. However, these systems are currently under development.

This paper presents a new idea of running along cutting slopes of logging roads for autonomous driving
of forwarders. The idea was formulated based on the belief that forwarders can continue traveling on
logging roads when they maintain a suitable distance from the cutting slopes on logging roads constructed
on steep slopes, such as in Japanese forests. There must be cutting slopes on such roads.

This study aims at identifying a suitable ranging sensor between a forwarder and cutting slope along with
its mounting height and orientation, clarifying the relationship between the measured distances and actual
positions of a forwarder on a logging road, and determining the control parameters for autonomous
driving. For this, the features of a few ranging sensors are compared, and measurable angles between the
incident wave from the sensor and the surface normal of cutting slopes are determined. Then, the ranging
accuracy of actual cutting slope surfaces is clarified, and the control parameters of distances are discussed.
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2. Materials and Methods

2.1 Sensor Selection

The parameters of the assumed logging road and a forwarder are shown in Figure 1. The road width

W, = 3m, the forwarder width Wr = 2m, and the angles of cutting slopes are 45 < 6 < 90°. Therefore,
the distances between the bottom of cutting slopes and forwarder are 0 < Dp < 1 m. The distance

between a ranging sensor and cutting slopes Dy (m) can be calculated using equation ( 1).
sin@ + hcos @
Dy = — . (1)
sin 6 cos @ + cosfsin«
where 6, h, aare cutting slope angle, mounting height of the ranging sensor, and dip angle of the ranging
sensor respectively.
Therefore, Dy takes the minimum value of 0 m when @is 90°. Further, D, takes the maximum value of

h 4+ 1m when @is 45° and «is horizontal.

Cut slope
\\foe o
Dw |
jQ Forwarder
E/ El E Roadside

Figure 1 Parameters of logging roads and a forwarder

Ranging sensors need to measure more than the maximum value of Dy, which depends on the mounting
height of the sensor. If the mounting height is 2 m at the highest point, ranging sensors would need to
measure more than 3 m. Furthermore, ranging sensors need to measure accurately even if they get dusty
or dirty as forwarders are used off-road.

The following three types of ranging sensors were used: laser ray, infrared ray, and ultrasonic wave.
These are compared in Table 1. All the three types of sensors have enough maximum range distances;
however, an infrared ray sensor needs to be confronted with smooth measurement surfaces. Furthermore,
a laser ray sensor is weak in terms of resistance toward dust and dirt. Therefore, an ultrasonic wave
ranging sensor was chosen. The specifications of an ultrasonic wave ranging sensor, HC-SRO04,
manufactured by SainSmart, are listed in Table 2.

Table 1. Comparison of characteristics of ranging sensors

Criteria Laser ray Infrared ray Ultrasonic wave
Maximum range distance More than 10 m A few meters A few meters
Direction of measurement surfaces  Accepts some tilt Facing the sensors  Accepts some tilt
Measurement surfaces Rough Smooth Rough

Resistant to dust and dirt Weak Weak Strong

Table 2. Specifications of ultrasonic wave ranging sensor HC-SR04 (manufactured by SainSmart)

Item value
Operating voltage 5V (DC)
Operating current 15 mA
Frequency of ultrasonic 40 kHz
wave

Ranging distance 2-400 cm
Diffusion angle 15°
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The ranging sensor was controlled by a microcontroller board called the Osoyoo UNO Board, which is
fully compatible with Arduino UNO Rev3.

2.2 Measurable Angles

An ultrasonic wave ranging sensor cannot measure accurate distances when the incident sonic wave from
the sensor is not perpendicular to the measurement surface (Okugumo, 2013). The distances between a
metal flat board and the sensor were measured to identify the acceptable angle with which the sensor
could measure the exact distance. The point where the board was perpendicular to the incident wave was
defined as 0° of the board tilt angle (#1in Figure 2). This angle was increased from 0° in steps of 10 or 1°
until a non-accurate distance was measured. The measured distances between the board and the sensor
were 10, 20, 40, 60, 80, 100, 125, 150, 175, 200, 225, and 250 cm. Three sets of 35 measurements were
repeated for each combination of the distances and angles.

‘ ultrasonic wave sensor

\ L

flat board
Figure 2 Experiment on measurable angle

2.3 Ranging Accuracy of Actual Cutting slopes

The experiments to clarify the ranging accuracy of actual cutting slope surfaces were conducted in Sano,
Tochigi prefecture and Ome, Tokyo, Japan. Nine cutting slopes were used to measure distances between
the slope surface and sensor; two slopes were in Sano and the other seven were in Ome.

The actual surface shapes of the cutting slopes were measured, before the experiments, by a staff with the
use of a laser rangefinder and slant rules. The staff leaned against the cutting slopes between the top and
bottom of the cutting slopes and the leaning angle was measured by using slant rules. The perpendicular
distances from the staff to the cutting slope surface were measured by using the laser rangefinder at each
10 cm distance from the bottom of the staff.

The measurements were conducted at horizontal distances of 30, 80, 130, 140, and 200 cm between the
bottom of the cutting slopes and the ultrasonic wave ranging sensor (L in Figure 3), and at sensor’s
ground heights of 55 and 120 cm (H in Figure 3). A set of 35 measurements were conducted for each
combination of L and H.
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Figure 3 Experiment on ranging accuracy of actual cutting slope

3. Results

3.1 Measurable Angles

The measured distances between the tilted flat board and the sensor at distances of 10, 60, 100, 125, 150,
and 175 cm are shown in Figure 4. The dotted lines in the figure indicate theoretical calculated distances.
The measured and calculated distances are well-fitted when the tilt angles are smaller than 25°. Therefore,
the sensor can measure the exact distances when the angle between the measurement surface and the
incident wave is between 75-90°. This implies that the distances to the cutting slopes where the slope
angles are between 45 and 90° can be measured accurately using the sensor with a dip angle of 20°.

150 200

distance (cm)
100

50

0 10 20 30 40 50
inclination (degree)

Figure 4 Measured and calculated distances between the tilted flat board and sensor

3.2 Ranging Accuracy of Actual Cutting slopes

From the above results, the dip angle « of the ranging sensor was set to 20°. The measured distances
between the actual cutting slopes and the sensor are shown in Figure 5. The horizontal axis indicates the
distances calculated from surface shapes of the cutting slopes. The two sets of measured values with large
residuals are indicated by “+” and “A”. The values indicated by “+” are measured with 200 cm of
horizontal distance L and 120 cm of height H at the cutting slope 1 in Sano and the values indicated by
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“A” are measured with 32.3 cm of horizontal distance L and 120 cm of height H at the cutting slope 12 in
Ome. The reason behind these points having such large residuals is unclear, however, the other points
have residual standard deviations of minimum 0.27 and maximum 14.94. No significant relationship was
observed between the residual standard deviations and the calculated distances.

100 150 200
T T T

measured distances

50

0 50 100 150 200
distances calculated from surface shape

Figure 5 Measured and calculated distances between actual cutting slopes and the sensor

4. Discussion

4.1 Reliability of the Results

The accuracy of the measured distances becomes lower when the angle between the incident wave and
measured surface normal becomes greater than 25°. Mataric (1992) reported that the used ultrasonic
ranging sensor had a high accuracy for incident angles less than 15° from the surface normal, based on the
sensor’s handbook. Additionally, Takamura et al. (1996) reported that the used ultrasonic ranging sensor
had a high accuracy for incident angle less than 20° from surface normal. On the other hand, Okugumo
(2013) measured the incident angles with 100 % success measurements and reported that the angles were
approximately 30° and a few degrees from surface normal, when the measured distances were 0.5 and 1.5
m, respectively, using the pulse-echo method. Our low-cost ultrasonic ranging sensor has almost the same
or higher robustness to the angles between the incident wave and the surface normal.

Emaru and Tsuchiya (2000) indicated that the chances of a measurement miss increased with surfaces
where it was difficult to obtain echoes. Our results from the measurements with actual cutting slopes
indicate that a sensor can measure distances to uneven surfaces, although the measured values contain
errors.

4.2 Acceptable Observation Values of Control Forwarders

Actual distances can be estimated from observed distances; however, the estimated values include errors
because the observations include errors as described in the results. The dotted lines in Figure 6 show 95 %
prediction interval for estimated values of actual distances calculated from observed distances excluding
the large residual values.
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Here, acceptable observation distances for a forwarder to continue traveling on a logging road are
estimated when the height and dip angle of the ranging sensor are 55 cm and 20°, respectively. The actual
distance Du, between the sensor and the cutting slope surface, is minimum 0 cm with 90° of cutting slope
angle 6and maximum 40.8 cm with 45° of 6 when the horizontal distance Djpbetween the bottom of the
cutting slope and the sensor is 0 m. Further, Dy is minimum 102.4 cm with 90° of 8 and maximum 114.9
cm with 45° of #when Dpis 1 m. Therefore, when Dy is between 40.7 and 102.4 cm, a forwarder can
keep traveling on a logging road with any 6. When Dy is 40.7 cm, the maximum observed value of 59.5
cm can be calculated using the lower prediction line, as shown in Figure 6. Moreover, when Dy is 102.4
cm, the maximum observed value of 83.0 cm can be calculated using the upper prediction line, as shown
in Figure 6. Therefore, a forwarder must be controlled to keep the observation distance between 59.5 and
83.0 cm to continue traveling on a logging road with any cutting slope angle.

Further, using the above procedure, the minimum and maximum height of a sensor to keep a forwarder
traveling on a logging road can be calculated as 52.1 and 65.8 cm, respectively.
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Figure 6 95 % prediction interval for estimation of actual distances from observation

5. Conclusions

In this study, three types of ranging sensors were compared and an ultrasonic wave ranging sensor was
chosen for ranging distances between a forwarder and a cutting slope of a logging road for autonomous
driving of a forwarder. The sensor’s acceptable angle between the incident wave and surface normal was
25°, which is almost same or larger than that of previous studies. When the distances to the actual cutting
slopes were measured, the standard deviations of most of the measured residuals were between 0.27 and
14.9. However, some observations contained larger residuals. The reason for this is yet to be identified.

The height of the sensor had to be between 52.1 and 65.8 cm above ground for an assumed forwarder to
continue driving on an assumed logging road. The observed distances to the cutting slopes had to be

between 59.5 and 83.0 cm when the height and dip angle of the sensor was 55 cm and 20°, respectively.
These observed distances become a target value for controlling autonomous driving.
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Abstract: Management practices in plantation forestry aim to maximise merchantable timber yield from a
timber stand at end of rotation. This is primarily achieved by intensive site preparation, planting stock
management, growing stock establishment, post-plant tending and reduced timber waste at harvesting.
Uniformity of tree size, stem form, fibre quality and the arrangement of trees spatially has been
hypothesised to maximise timber yield per hectare. Furthermore, this stand uniformity has also been
suggested to improve harvesting efficiency, particularly in mechanised operations. This has led to the
paradigm that forestry management should ensure high levels of uniformity at all cost.

However, in a supply chain context, the relationship between the cost of achieving optimum uniformity
against potential gains in yield and improved harvesting productivity is not fully understood. These
increased cost may not be offset by potential higher yield, improved product quality or reduced production
costs. To this end there is a need to establish and quantify this relationship.

This investigation aims to understand the effect of tree size uniformity on end of rotation processes
(harvesting) by analysing machine on-board-computer StanForD (*.stm) files over a period of 12 months.
Data were generated by four machines operating in Pinus patula saw timber clear-felling operations. Non-
linear least squares functions were fitted. The models were used to describe the effect of DBH, tree volume,
the size of the machine and site index (site quality) factors on machine productivity. These functions can be
used to predict machine productivity based on the abovementioned factors with the overall aim of
developing site (compartment) based harvesting costs. These models and derived costs could contribute to
more effective management of the type of machines harvesting timber on different tree diameter
distributions for difference site quality classes. The approach of using these machine data for productivity
modelling is a first for South African commercial forestry.

Keywords: Forest engineering, uniformity, productivity, StanForD, modelling, Pinus patula, saw timber
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Abstract: The productivity and quality of cutting work in mechanized thinnings are highly dependent on
the harvester operator. Operator tutorial systems can be assessed in terms of their potential to improve
the working performance of an operator. Sensor technologies, based on Mobile Laser Scanning, Machine
Vision, or a combination of these, enable the development of intelligent operator guidance. This study
investigated the potential of tree-selection tutorial systems. Tree-marking was utilized to guide
professional operators on trees recommended for removal, the effect of which on the cutting time was
clarified by a comparative time study. On the tree-marked time-study plots, the trees to be removed were
marked with paint, and the standard thinning work was conducted on the reference study plots. The
quality of the trees of growing stock was measured after the cutting tests. Data collected during August-
September 2018 in Finland on the first and later thinning stands included participation from four
experienced harvester operators who removed 4,825 trees. The results suggested that the tree-marking
significantly influences the work phase time boom-out as well as moving the harvester during cutting
work. The cutting of tree-marked thinning stems was more than 2% faster than that of the reference
stands, making the thinning intensity closer to the forest management recommended target level set by the
Finnish Forest Centre. The reduced time for cutting enabled by the tree-marking process does not cover
the costs of the tree-selection tutorial system. Therefore, additional impacts of harvester operator tutorial
systems on the harvesting costs as well as the ergonomics, wellbeing of the operator and the duration of
operator training programs must be considered in feasibility analyses for tree-selection tutorial systems.
Acquisition costs of novel sensor systems are expected to be reduced through possibilities for utilizing the
technology in other applications, such as forest resource inventory and bucking control.

Keywords: sensor technology, mobile laser scanning (MLS), machine vision (MV), tree-marking,
cutting, time study
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Abstract: Millions of dollars have been invested in sawmills to improve lumber recovery factor.
Sawmills also rely on an incentive systems to be supplied with the logs they desire. About 15 % of a
contractor’s revenues is subjected to the log compliance rate he achieves. Most contractors do not
calibrate the measuring apparatus of their harvesting heads. Some adjust log lengths by modifying the
limiting values for the “bucking window” (i.e., the values that the computer uses to determine when to cut
a log) rather than by calibrating the system. Because of the lack of control over the measurement errors,
log specifications from the sawmills require excessive over length on each logs to reduce the number of
under size logs delivered at the sawmill. Despite numerous investments in the mills, the lack of control
over the measuring apparatus of the head limits the lumber recovery factor and the value at the sawmills.
The main objectives of the project were to: 1) quantify the required effort for the contractor to maintain
the measuring apparatus of the head properly calibrated, 2) evaluate the financial gains for the
contractor, and 3) evaluate the gain in value at the sawmill.

Calibration protocols were tested and implemented in the field. Three Ponsse H7 harvesting head were
monitored from June 2017 to February 2018. The contractors kept a log book where they recorded the
time (machine and men) spent on calibration activities. Discrete-event simulation was used to evaluate
the financial gains for the contractors and at the sawmill.

It was found that keeping a harvesting head properly calibrated took in average 0.7 machine-hour and
2.3 man-hour weekly. Implementation of the calibration protocols improved significantly log compliance
rate and resulted in an increase of 0.30 $/m3 in revenues for the contractors. The reduction of log over
lengths and in bucking errors improved value at the sawmill by 3%.
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Abstract: Concerns about population growth and the availability of conventional non-renewable sources of
energy have sparked lots of emphasis for studies about renewable energies. Biomass is an alternative source
of energy that can be very successful in the United States where there is a surplus of growing stock of forests.
While very promising, new development in the USA about how to improve this market has been slow to occur.
Our objective is to develop a small-scale machine that can be used as a feller-buncher for biomass harvesting.
As it is known that most woody biomass availability is in small diameter material, we are going to use a mini
hydraulic excavator as a basis for this study, making modifications to its boom, and adding an auxiliary
motor that will make the machine more productive and economically feasible while aiming for Timber Stand
Improvements (TSI).

Keywords: biomass, small-scale harvesting, TSI

1. Introduction

For many years our society has relied on the use of fossil fuels such as petroleum to supply its energy
demands. Although these fossil fuels can be used in many ways, their use is limited by scarcity, the
impossibility of production during a human lifespan, and their negative impacts on the environment. During
the last few decades the adoption of renewable energy sources has been discussed and implemented as a clean
and continuous alternative to fossil fuels. In the United States, many different types of renewable energies
could be adopted, woody biomass is one type which presents high chances of success. Woody biomass
presents a lot of potential in the USA because it has an impressive 310 million hectares covered by forest
lands and a surplus in the growing stock of forests (United States, 2019).

Plant biomass as a source of energy is currently directly associated with the use of residues or forest by-
products such as bark, black liquor, sawdust and shavings. The addition of non-commercial roundwood as
material for biomass production could bring biomass importance to higher levels (Thiffault et al 2016). Two
main advantages of the use of woody biomass are fewer environmental concerns, as well as better opportunity
cost especially because the non-commercial trees usually do not have high value. Estimations, however, show
that by 2022 the potential of forestry resources to produce biomass will be underused by approximately 42%
(Langholtz et al., 2016).
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For woody biomass production to be efficient, there is a high need of small-scale machinery for the harvesting
of the trees, especially because biomass availability is higher in small tracts of forests, and/or in the trees
with smaller DBH (diameter at breast height). Out of the commonly utilized forest harvesting systems in the
United States, however, whole-tree systems are the most common. This system is fully mechanized and most
of the times composed by large machinery (Conrad et al. 2018). Current harvesting systems can be very
impactful for the environment and a lot of the times their use is physically challenging. Therefore, current
harvesting systems are not fully adequate for the type of operations required for biomass.

Unlike many other parts of the world, most of the forest land in the United States is privately-owned. The
South itself is a very unique region with a higher percentage of privately-owned forests in the US, as much
as 87%. There are approximately 11 million individuals and families who possess forest lands in the USA
and from those, around 61% of the landowners own 10 or fewer acres (Butler 2014, MacDicken et al. 2016).
While industrialization and the need for continuous growth keep pushing the boundaries for the development
of higher-end machines and large-scale development, that portion of individuals and families who own small
areas of forests is most of the time forgotten or not targeted. The smaller forest areas that are maintained for
beauty, heritage or recreational reasons can become profitable (or add different sources of income) if the
right tools are provided (Parron et al. 2015, Luederitz et al. 2015).

There are few investments being made on the development of equipment for the harvesting of small-diameter
trees. Based on this evidence, we propose to develop, test, and if successful promote a cost-effective
harvesting method to produce biomass feedstock for the bioenergy market. We aim to achieve an
environmentally friendly system, that has low capital and operational costs, and with high fuel efficiency.

2. Methodology

2.1 Study Area

The study will take place at the surroundings of Auburn University, Auburn — AL, USA. The harvesting
operations will occur mainly in softwood (pine) stands as this forest type is prevalent in the region, but if
possible, we plan on also harvesting hardwood stands. We will harvest during the first thinning season when
the stand is around 10 years old. Additionally, when time and transportation allow, we intend to operate in
the urban interface. The forest stands will be submitted to a series of timber stand improvement treatments.
We plan on harvesting a couple hundred trees according to availability until we achieve a volume that is
statistically significant.

2.2 Felling Using Excavator

Although a complete harvesting system includes processes from the laying of the trees to processing and
delivering a product, this project will focus on the felling part of a harvesting system, this way economic and
mechanical feasibility can be checked before extending investments to other areas. A small-excavator (Figure
1) model IHI 80 VX will be used as the basis for our studies with both a DFM saw (Dougherty Forestry
Manufacturing) and Fecon shear head (Figure 2). The excavator chosen has a capacity of 41.98kW and
weighs approximately 9 tons, that together with the rubber tracks will provide less soil compaction
guaranteeing minimum impact on the environment.
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To improve efficiency, two main modifications will be executed: 1) boom, 2) auxiliary hydraulic pump.
The small excavator originally comes with a banana boom which allows for the machine to reach trees at
certain distances without the operator having to drive from tree to tree; we believe, however, that by
straightening this boom we will achieve faster movements which will count towards greater efficiency
(Figure 3). Because this is a small excavator, we will improve its power by adding an auxiliary hydraulic
pump (26.1kW motor - Briggs and Stratton #613477-2141). This new motor will be used exclusively to run
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the head. After those modifications have been completed, we will have a piece of equipment that will be
similar to a small-scale feller-buncher. We believe that we can minimize soil disturbance and maximize
productivity.

Figure 1: Small excavator with modified boom

2.3 Study Design

During the first weeks of the project, the felling crew will undergo a trial format for the operators to become
familiarized with both the equipment and the expected silvicultural regime. This phase will serve as a way
of minimizing the human variability on the final results of the harvester. This stage will be done taking into
consideration the Occupational Safety and Health Administration (OSHA) instructions regarding safety.
After the period of familiarization is complete, the felling crew will start their field tests. Thinnings focusing
on various basal areas will be the main silvicultural regimen selected with some other regimen, aiming for
timber stand improvements (TSI). Each field test will take place at the selected experimental units with an
area of 1 hectare.

2.4 Data Collection and Analyses

Before the felling crew can go to the field, it will be necessary to estimate the productivity of the experimental
units. In the softwood stands, pine trees with DBHs between 3 and 14 inches will be cut, measured and
weighed. The height and DBH from these trees will be compared to those found on the tables of Clark and
Saucier (1990). If our results are consistent to those found by Clark and Saucier with no significant deviation,
we will proceed using these tables for estimation of green weight of harvested trees. Other similar methods
will be used for the estimation of green weight of hardwood trees.

Stands that share the same characteristics and are on the same age class will be inventoried prior to harvesting.

To guarantee control over confounding factors, the matching of the silvicultural regimen to the stands will
be done randomly. It is expected that the felling operator will determine what trees are harvested based on
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their experience, but there might be a need to mark the trees identifying to which regimen they belong. To
detect how effectively the felling operations were conducted, some post-harvest inventories will be done
which will determine the level of accuracy of the operator.

The time study method chosen will be elemental time studies as these tend to be more detailed and consider
different sources of variability. Small HD video recorders will be the main piece of equipment for this data
collection. These cameras will be attached to the exterior of the excavator cabin at an angle that best captures
how the machine is operating. To estimate DBH, we will adapt a measuring system on the excavator, and, if
not limited by time and/or cost, we will manually collect DBH measurements as a way of getting more
accuracy in our data.

After the videos are shot on the field, the files will be meticulously reviewed in the office where we will
assess how long it takes for each process to be completed. The processes that we are interested in are felling,
selection of trees without bunching, selection of trees with bunching, laying bunch down, movement of the
excavator without tree selection (no arm movement), reaching of the boom, stems per load or cycle, and
various types of delays (mechanical {excavator or head}, operational, and others).

Additional information about the feller-buncher operation that can be important for identifying the
characteristics of the system will also be collected. To measure the capabilities of the feller-buncher, we will
combine the mean of trees per bunch and their respective DBH to cycle time which will give an idea of
productivity; we will also analyze the number of trees our feller-buncher can reach before having to move
the machine). Finally, topographic and ecological characteristics of the stand such as slope, terrain
composition and roughness, understory, weather, and soil type will be used to compose our variables.

It is important to set minimum productivity that has to be achieved to evaluate the economic feasibility of
this project. Previous studies using a similar system will be used as guidelines for the selection of the desired
productivity. To determine a $/ton basis for each silvicultural regime, we will use machine costs calculations
described by Tufts (1982 and 1985). Actual data which will be used for our calculations include the cost of
the equipment which will be obtained by consulting the manufacturer and/or machine dealers; results of
studies from renamed peers and publications; and data from field collection (cost of fuel, lube, repairs, and
maintenance). The result of these analyses will be compared to those found by O’Neal and Gallagher (2007)
and will be considered economically feasible if the productivity of the feller-buncher is increased by at least
50%.

One of our objectives is that our machine is environmentally friendly or that the damages from it are
minimum. To identify if this objective will be met, we will study the damages to the remaining stand
immediately after the feller-buncher is used. Line transects will be established to evaluate soil disturbance
and damage to residual trees. We will use scales like those proposed by McMahon (1995) and Turcotte et al.
(1991) to categorize soil disturbance; along our line transects, a few plots will be created where we will
measure the extent of the damage to residual trees, these plots will be of 30m each and will be spread in a
way that it is representative of the stands.

3. Justification

Although we understand that for biomass operations to occur a whole harvesting system including chipping
and transportation should be developed, we see the importance of starting this project with the felling section
as the success of this phase is mandatory for the execution of other phases of the system.

3.1. Lack of Investments in Small-Scale Machinery

The effectiveness of mechanization for logging operations has made this sector evolve towards bigger
machines over time, but there is no consensus on whether this necessarily means innovation. Some studies
have shown that loggers in the United States and Canada are conservative when it comes to investing in
innovations and tend to focus on short term problems such as fuel prices, insurance costs, stumpage prices,
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and mill quotas, while problems such as machinery efficiency are barely considered (Baker and Greene 2008,
Blinn et al. 2014).

3.2. Current Small-Scale Logging Constraints

Manual harvesting in the United States can be an option for smaller areas when the objectives of the forest
stands are for family use or without commercial intents. When some level of efficiency is expected from the
forest operations, manual harvesting using chainsaws can be more expensive in the long run because of the
cost associated with the many operators Vvs. single-operated machines, less productive and less safe. The final
required product can also prevent the use of manual harvesting (Schweier et al. 2015; Vanbeveren et al.
2015). In terms of safety, forest operations are not known for being the safest and most ergonomic activities
in the world. Exposure to frequent and excessive noise, such as the noise from chainsaws, for example, can
cause Noise-Induced Hearing Loss (NIHL), a permanent loss that can lead to social and health problems.
Excessive heat is also another major work problem, it can cause fatigue, loss of attention, and greatly improve
the chances of accidents (Smith & Thomas 1993, Minette et al. 2007). Many of these ergonomic issues that
are enhanced in manual operations can be reduced when in a small-scale machine (e.g. cabins with air
conditioners and sound isolation).

3.3. Advantages of Small-Scale Harvesting

Motivations behind the adoption of small-scale harvesting systems may vary from case to case or can be the
only feasible option for an area. One of the biggest determining factors of the adoption of small-scale
harvesting is the reduction of costs and environmental impacts. Due to their sizes, smaller forest machines
tend to have their retail price and operation costs reduced when compared to large-scale machines. Their size
also reflects on how impacted an area is, small-scale technologies allow better flexibility and adaptability,
resulting in potentially fewer damages to the environment (Updegraff & Blinn 2000; Bliss & Kelly 2008).

4. Expected Outcomes

We strongly believe that many benefits can be accomplished with the success of this project. We expect that
by demonstrating the economic feasibility of our feller-buncher we can show the importance of developing
small-scale harvesting systems to operate in large thinnings and TSI operations, as well as in smaller tracts
of urban forests. Besides the economic benefits, there will also be a value to be added to the residual trees,
which will be a reflection of an environment with less competition for nutrients and resources. This reduction
in the competition can also improve forests’ health. By removing the less desirable tree and utilizing them
into a marketable product we will be getting the most out of the opportunity cost of those trees. Finally, the
weight and size of this smaller feller-buncher should limit ground disturbance and be much less impactful
when compared to common sized feller-bunchers, those characteristics will help to minimize sedimentation
into surrounding streams.

We anticipate that this feller-buncher can be available for implementation as soon as production and
profitability are shown. This equipment can be directed to tree-care companies, it can add to current logging
contractors, it can be niche market for new contractors, or even be used by small-scale landowners for an
extra source of income. The adoption of our feller-buncher also has the potential to increase local
development by providing employment opportunities for the skilled local workforce in rural areas. Finally,
future expansion of supplementary plants in rural areas will improve the scope of opportunity by providing
near and stable markets for biomass and bioenergy.
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Abstract: Today’s timber market in the Southeast US demands a specific size log; thus, the harvested trees
need to be processed on the landing. In addition, merchandizing harvested trees is more profitable for the
loggers as they are able process the timber to its highest economic value. The utilization of a processing
head in the logging industry is encouraged due to the presence of technology advancement on the machine
that allows the loggers to merchandize and top the logs by specifying the desired measurements into the
processing head’s computer program. The result from this study shows that, regardless of the amount of
experience owned by the operator and whether a calibration was conducted on the machine, the
measurements given by the processing head is not accurate. Continuing research to understand the extent
of experience and calibration in the utilization of processing head in the Southeast US are encouraged.

Keywords: processing head, merchandizing, accuracy, Southeast US

1. Introduction

The growing presence of sawmill across the Southeast US has provided a new challenge as well as the
opportunity for the loggers around the area. The requirement to transport the specific size of logs to these
mills is strictly enforced. Therefore, the loggers need to process the harvested trees on the landing before
they are loaded to the truck. On the other hand, the loggers’ ability to merchandize the stems is providing
them the opportunity to gain a higher income compared to selling the harvested woods as tree length.

The practice of merchandizing is commonly conducted by the loggers using a pull-through delimber and a
slasher saw that are attached to a knuckleboom loader. The knuckleboom operator delimbs and tops the
harvested trees using the delimber and merchandizes them by utilizing the slasher saw. These processes
rely on the operator’s subjectivity in estimating the top diameter; hence, the result of topping and
merchandizing are susceptible to measurement errors.

To avoid this subjectivity, the utilization of a processing head in the logging industry is encouraged due to
the technology advancement on the machine. This technology allows the loggers to merchandize and top
the logs by specifying the desired measurements into the processing head’s computer program. Therefore,
the incorporation of a processing head in logging operations is expected to provide the exact measurements
of the logs. However, with such an effective measurement, its accuracy needs confirmation.

The ability to produce logs into accurate dimensions as desired using a processing head would likely to
depend on the operator. An adequate amount of experience in operating a machine provides the operator
with the skill to run the operation in the most efficient way, which results in maximum production. Kérha
et. al (2013) reported that an experienced operator performed 40% higher productivity compared to an
inexperienced operator. Despite higher production, the experience would also likely to affect the accuracy
of processed logs. As the machine savvy operator is familiar with the computer system and panel control
that are installed on the head processing head, a higher accuracy on the processed logs is expected. Purfiirst
(2010) examined 32 operators to understand their learning curves. Forestry machine operators showed a
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slow performance level as they start operating the machine and doubled the performance in their third year.
It is identified that the operator’s learning curve reaches a constant performance after nine months (Purfiirst,
2010).

In addition to experience, the calibration is an important element in producing the desired log dimensions.
Even though a processing head is designed to handle a heavy object (trees) in the field, the machine’s
accuracy could be compromised after a certain amount of usage. Therefore, it is important to keep the
machine calibrated to ensure that the products are measured correctly. As reported by Nieuwenhuis and
Dooley (2013), conducting harvester calibration regularly could reduce the difference between harvester
measurements and manual measurements which resulted in the higher accuracy in the length measurement.
Additionally, when a harvester is regularly calibrated, the accuracy on the volume of timber produced can
be increased by 6% (Dooley et al, 2006).

This research aimed to evaluate the accuracy of a processing head in merchandizing logs. Statistical analysis
is conducted to determine the significance of the difference between processing head and post measurement.

2. Material and Methods

The study sites were located in several operations in the Southeast US where the market for cut-to-length
logs exists. The observed machines include the processing head manufactured by Waratah and Tigercat. In
this study, the logs are processed based on the specifications that were determined by the mills. For every
operation, the data collection was divided into 4 sets where each set contains 25 logs. In addition, several
aspects of operating the machine are observed while collecting the data, such as the calibration conducted
by the operator and the activity performed by the operator while processing the stems.

To confirm the measurement accuracy, two types of measurement were gathered in this study. The
processor’s measurements were obtained by recording the processor’s monitor inside the cab, while the
post measurements were obtained by manually measuring the processed logs. The logs were numbered
directly after they were cut by the machine, to keep them in order in the post measurement. The processing
head measurements were obtained after the recordings were reviewed. Meanwhile, post measurements were
collected by measuring the length and diameter using a caliper and tape. The measurements collected in
this research include the butt diameter, top diameter, and length of the logs. At the post-measurement, the
diameter was measured as the inside-bark diameter.

Measurement difference was calculated as the difference of processing head measurement with post
measurement.

Measurement dif ference = Processor head measurement — Post measurement
An analysis of variance was run to assess the significance of measurements difference between processing

head and manual measurements on three logging operations. This analysis was analyze using R software
for every data collected (butt diameter, top diameter, and length).

208



3. Result and Discussion

3.1. Data Distribution

3.1.1. Butt Diameter

The data distribution of butt diameter from logger A and logger B show a normal distribution, while the
data from logger C is right-skewed (Figure 1). Logger C also shows high variability in the measurement
differences. It ranges from -6.6 to 1.1 inches. Meanwhile, logger A and B depict a narrower data range
(-0.7 to 3.5 and -1.1 to 3.5 respectively). Diameter distribution is highly concentrated from 0 to 2 inches
differences for logger A, while the other loggers intensify between -0.5 to 1 cm in their measurement
differences. Unlike the first two loggers, logger C shows a high number of underestimation of butt diameter
measurements. The processing head recorded a smaller diameter than the actual butt diameter.
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Data distribution for top diameter for all loggers is showing a normal distribution (Figure 2). The top
diameter measurement differences concentrated from 0.5 to 2 inches for Logger A and -0.5 to 1 inches for
logger B and logger C. The histogram shows underestimation was rarely performed by Logger A, whereas
logger B and logger C are showing a higher number of samples that are underestimated.
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3.1.3. Length

As shown in Figure 3, the distribution data of length measurement differences are normally distributed for
all loggers. The data from logger A indicates that mainly processing head gave a higher value than the
actual measurement. A similar observation is seen on the data from logger B, although underestimation by
the machine up to 0.6 feet was also observed. The highest length underestimation is observed from logger
C, where the processing head is measuring logs shorter than the actual length by 0.8 feet.

50
45
40
35
30

20
15
10

15
c
10 I
I II 0-_I I--__
m B “

[-0.5,0] (0, 0.5] (0.5,1] (1,1.5] (1.5,2] (2,2.5] (2.5,3] (3,3.5] (3.5,4]

[0.2,0.0]

Logger A Logger B

%'

\,'&< ! \Af

\Qs, o 0® \05 0, s Qa.

N
(L’L

Measurement Difference Measurement Difference

Logger C

<1 {1,-0.5] (0.5,0] (0,0.5] (0.5,1] (1,15] (1.52] (2,2.5]

Measurement Difference

Figure 2. Top Measurement Differences Distribution

Logger A Logger B

W LD
' ’3
[

20
15
c
10
) I
. o Lo N

(-0.6,-0.4] (-0.2,0.0]

(0.0,0.2] (0.2,0.4] (0.4,0.6] (0.6,0.8] <-0.6 (-0.4,-0.2] (0.0,0.2]

(0.2,0.4]

Measurement Difference Measurement Difference

Logger C

15

E I
5

0 — mm  — H -

<-08 (-0.8,-0.6] (-0.6,-0.4] (-0.4,-0.2] (-0.2,0.0] (0.0,0.2] (0.2,0.4]

Measurement Difference

Figure 1. Length Measurement Differences Distribution

210

(0.4, 0.6]

{0.6,0.8]



3.2. Measurement Differences Analysis

Table 1 shows that for logger A and B, the value given by processing head is higher compared to the manual
measurement for all log dimensions. Meanwhile, the result of logger C is inconsistent. At this operation,
butt diameter and length measurement differences show that the processing head measurement is giving
lower values, whereas top diameter shows a similar correlation to measurement differences from logger A
and B. As shown in the data distribution, logger C has a wide data range in the butt diameter and length
measurement differences. It is also noted that for this logger, the processing head gave a smaller number in
comparison to the post measurements. This results in negative measurement differences for the two log
dimensions.

Table 1. Summary Data of Measurement Differences

Logger Measurement Difference
Butt Diameter (in) Top Diameter (in) Length (ft)
Mean SD Mean SD Mean SD
A 1.130 0.863 1.492 0.956 0.103 0.956
B 0.408 0.924 0.467 0.857 0.179 0.857
C -1.525 1.895 0.222 0.571 -0.084 0.571

At the data collection, it was noticed that when a slash was not required (the stem is free from any defect),
operator C did not run the machine to return to the stem’s butt as he processed the trees. This resulted in a
smaller butt diameter observed from the processing head as the measured diameter was away from the
actual butt. The same situation observed for the length. Due to the inappropriate starting measurement, the
processing head provided a lower number than the actual length.

Compared to the other two loggers, the diameter differences at operation A is the highest (1.13 and 1.492
inches). However, as the manually measured diameter was inside-of-bark, it is expected that the diameter
measured by the processing head is 1 inch higher than manual measurement. Therefore, the diameter
measurement differences from logger A, both for butt and top, was observed as the most accurate. In
addition, logger A also provides the most accurate length measurement (0.103 feet length differences)
compared to all loggers studied in this research.

The measurement difference between processing head and manual measurement could be caused by several
reasons. The effect of operators’ experience suggests a considerable impact in this study. Prior to
conducting the data collection, an interview to understand the length of experience owned by each operator
was conducted. The most experienced operator is from operation B with a total of experience for 16 years
in running processing head, while operator A has 2 years of experience and operator C has only run the
machine for approximately 100 hours. This insufficient experience caused different correlation of
measurement differences in butt, length and top diameter. The measurement from this operation tends to
underestimate the butt diameter and length yet overestimate the top diameter. The result from this study
shows that experience of the operator plays an important role in producing logs with an accurate
measurement. To obtain a more accurate measurement, it is recommended for the operator to run the
machine from the butt of the harvested trees even though a cut from the butt is not needed.

Another factor that influence accuracy is the calibration. At the data collection, it was observed that from
all operations, Logger A is the only operator who calibrated the machine. The calibration was conducted
by the operator as the post-measurement data collection of the first set was performed. This calibration may
contribute to the accuracy gained at this operation.

In spite of the aspects from the object studied, some measurement differences could also have resulted from
the post-measurement error after the logs were processed. As an effort not to impede the operations, some
processed logs were found to be overlapped on top of each other. Therefore, it resulted in difficult
accessibility to manually measure the log dimensions.

211



Despite all the explained factors, the analysis of variance shows that processing head measurement is
significantly different from post-measurement for all log dimensions in all locations studied (a=0.95). This
implies that, regardless of the amount of experience owned by the operator and whether a calibration was
conducted on the machine, the measurement by the processing head is not accurate. Therefore, continuing
research is encouraged in order to understand the extent of experience and calibration in the utilization of
processing head to merchandize southern yellow pine in the Southeast US.

4.Acknowledgements

We would like to acknowledge Auburn University, Fulbright, and United States Forest Service for
supporting this research. We also appreciate all the loggers for their willingness to be involved in this study.

5. References

Dooley, T., Layton T., Nieuwenhuis, M. (2006), “The impact of Calibration on The Accuracy of Harvester
Measurement of Total Harvest Volume and Assortment Volume for Sitka Spruce cCearfells in Ireland,”
Irish Forestry, 96-107.

Karha, K., Ronkkd E., Gumse S. (2013), “Productivity and Cutting Costs of Thinning Harvesters,”
International Journal of Forest Engineering, 15:2, 43-56.

Nieuwenhuis, M. and Dooley, T. (2006), “The Effect of Calibration on the Accuracy of Harvester
Measurements,” International Journal of Forest Engineering, 17:2, 25-33.

Purfirst, F. T. (2010), “Learning Curves of Harvester Operators,” Croatian Journal of Forest Engineering,
32:2, 89-97.

212



K02 Keynote 02

DIGITALIZATION OF FOREST HARVESTING: THE POTENTIAL FOR IMPROVED
ENVIRONMENTAL AND PRODUCTION EFFICIENCY

Rasmus Astrup

NIBIO

SMART FORESTRY - SMART FOREST OPERATIONS ENGINEERING AND
MANAGEMENT

Hans R. Heinimann

ETH Ziirich, Switzerland

LIFE CYCLE ASSESSMENT (LCA) IN FORESTRY
Martin Kithmaier
BOKU Vienna, Austria

FUTURE OF FOREST ENGINEERING AND ITS SUSTAINABILITY

Woodam Chung
Oregon State University, USA

213


http://www.tcpdf.org

FORMEC 2019 — Exceeding the Vision: Forest Mechanisation of the Future
6-9 October, 2019 - Sopron, Hungary

LIFE CYCLE ASSESSMENT (LCA) IN FORESTRY

Martin Kithmaier’, Iris Kral?, Christian Kanzian', Gerhard Piringer’

nstitute of Forest Engineering, University of Natural Resources and Life Sciences, Peter-Jordan-
Straf3e 82/3, A-1190 Vienna, Austria
martin.kuehmaier@boku.ac.at

christian.kanzian@boku.ac.at

2 Institute of Agricultural Engineering, University of Natural Resources and Life Sciences, Peter-
Jordan-Straf3e 82/3, A-1190 Vienna, Austria
iris.kral@boku.ac.at

3University of Applied Sciences Burgenland, SteinamangerstraBe 21, A-7423 Pinkafeld
gerhard.piringer@th-burgenland.at

Introduction

Assessing the environmental impacts of products and services gains an increasingly important role. Society
is more and more realizing that resources on Earth are limited and therefore calls for a sustainable treatment
of our environment. Life cycle assessment is a powerful but also complex tool for estimating environmental
impacts. Although this method was already used in the 1970s, it played a minor role in forestry and was
used mainly by a small group of experts. However, due to the increase of the need for tools estimating the
environmental impact and the availability of more sophisticated databases, such evaluations have been
made more and more, recently. While only 13 scientific publications were published in 2007 in the field of
LCA in forestry, there number increased to 73 in 2017 (Figure 1).

100
90
80
70
60
50
40
30
20
10

0
1996 1998 2000 2002 2004 2006 2008 2010 2012 2014 2016 2018

Year

Publications per year

Figure 1: Publications in the field of LCA in forestry
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LCA studies for Austrian forestry had been conducted seldom. Beside increasing interest of society in this
topic, national regulations forces enterprises like the Federal Austrian Forests to report their environmental
impacts of their activities on a yearly basis and to develop trajectories in reducing environmental impacts.

To support this activities, the goal of a national project was creating a LCA. For executing a LCA, primary
and secondary data is usually considered. For assessing the production of machines and the supply of fuel
and lubricants, information available in databases (secondary data) is used in particular. For the specific
timber harvesting and transport processes, data from existing field studies was used or new data was
collected (primary data). Among other things, the project identified fuel consumption and productivity data
for chainsaws, harvesters, cable yarders, forwarders, tractors and forest trailers, tractors and winches, truck
and rail transport, and resource consumption for forest road construction and maintenance.

Life Cycle Assessment of Timber Supply from the Forest to the Plant considering New
Technologies

In Austria, for the first time within the framework of the project “Life Cycle Assessment of Timber Supply
from the Forest to the Plant considering New Technologies”, a life cycle assessment of the supply of wood
from the forest to the plant was carried out. 38 timber supply processes have been analyzed (Table 1).

Table 1: Analyzed timber supply processes in Austria

ID Process

1.1 Production, forest plants, in nursery, AT + transport, forest plants, with lorry, AT
1.2 Brush cutting, with brush cutter, AT

1.3.N | Brush cutting, with electric brush cutter, AT

2.1 Tending of young stand, with brush cutter, AT

2.1.N | Tending of young stand, with electric brush cutter, AT
2.2 Tending of thickets, with chainsaw, AT

2.2.N | Tending of thickets, with electric chainsaw, AT

3.1 Felling, with chainsaw, AT

3.1.N | Felling, with electric chainsaw, AT

3.2 Felling and delimbing, with chainsaw, AT

3.2.N | Felling and delimbing, with electric chainsaw, AT

33 Felling, delimbing and cross-cutting, with chainsaw, AT

3.3.N | Felling, delimbing and cross-cutting, with electric chainsaw, AT

34 Felling, delimbing and cross-cutting, with harvester, AT

3.4.N  Felling, delimbing, debarking and cross-cutting, with harvester, AT

35 Felling, delimbing and cross-cutting, with cable harvester, AT

3.6 Extracting, round wood, with tractor and forest trailer, until forest road, AT

3.7 Extracting, harvesting residues, with tractor and forest trailer, until forest road, AT
3.8 Extracting, round wood, with skidder, until forest road, AT

3.9 Extracting, trees, with skidder, until forest road, AT

3.10 Extracting, trees, with tractor and winch, until forest road, AT

3.11 Extracting, round wood, with tractor and winch, until forest road, AT

Extracting, trees, with cable yarder, until forest road & processing, trees, integrated

3.12 processor, AT

3.13 Extracting, round wood, with wood pick, until forest road, AT (no emissions)
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3.14 Extracting, round wood, with forwarder, until forest road, AT

3.15 Extracting, harvesting residues, with forwarder, until forest road, AT
3.16 Extracting, round wood, with cable forwarder, until forest road, AT
3.17 Extracting, round wood, with cable yarder, until forest road, AT
3.18 Cross-cutting, with chain saw, AT

3.19 Delimbing and cross-cutting, with excavator-processor, AT

3.20 Chipping, energy wood, with chipper mounted on truck, AT

4.1 Transport, round wood, with tractor and trailer, AT
4.2 Transport, round wood, with round wood truck, AT
4.3 Transport, round wood, with railway, AT

4.4 Transport, wood chips, with tractor and trailer, AT

4.5 Transport, wood chips, with truck, AT
4.6 Passenger transport, with passenger car, AT

4.6.N | Passenger transport, with electric passenger car, AT

Results

The results of the study show that timber transport usually has the highest environmental impact in the
supply chain. The extraction as well as the felling and processing of wood have similar environmental
impacts, whereby the chainsaw performs from an ecological point of view significantly better than the
harvester. Looking at the greenhouse potential, the harvester usually emits 10 times more greenhouse gases
than the chainsaw. When transporting timber, the transport distance is very important for the ecological
efficiency. The transport with a round wood truck over 200 km creates more than 30 kg of CO, equ per m?
while transport over 50 km only emits 8 kg of CO; equ per m* (Figure 2). In Austria, an average of 26 kg
CO; equ per m? is emitted for the supply of timber from the forest to the plant. In the small scale forests
this value is about 1 kg CO; equ per m?® higher due to the higher share of energy wood.
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Figure 2: Global warming potential of timber supply processes

It has been shown that timber transport by truck is the largest emitter of greenhouse gases within the supply
chain. Accordingly, the greatest savings potential would also be achieved here. Suitable measures for the
reduction of GHG emissions include the reduction of transport distances (Figure 3), the increase of the
share of rail transport, the reduction of fuel consumption or the use of non-fossil fuels.
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Measures for reducing fuel consumption through machine settings and driver training, the use of bio diesel
(Figure 4) or electric technologies also have great savings potential in timber harvesting. In Austria, there
is, depending on the mix of measures, an annual savings potential of up to 100,000 t CO; equ. in timber
harvesting and timber transport. Before implementation, however, the respective ecological improvement
measures must always be compared with the technical and economic feasibility. New technologies based
on electric or hybrid technology are still in the development phase and need further development steps in
order to be able to be used extensively in timber harvesting and timber transport. The development steps
for brush cutters, chainsaws and carriages are one step further and there are the first market-ready machines
available. Hybrid technologies are already available for cable yarders, harvesters and forwarders.
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Figure 4: Effects of the transition from diesel to bio diesel on the global warming potential of harvester,
forwarder and truck

For use by practitioners, two calculation tools have been developed. The “system calculator” allows the
calculation of the global warming potential for the supply of 1m?® timber. Single supply processes can be
selected and connected to a timber supply chain. By entering stand and location data, the environmental
impact of specific harvesting operations can be calculated. This allows also the comparison with alternative
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scenarios and the selection of the most environmentally sound timber supply chain. The “balance
calculator” allows the calculation of the global warming potential for a forest district, a forest enterprise or
another defined administrative unit. By entering the amount if harvested timber within a specified time
frame for every harvesting and transport process, the total greenhouse emissions per process and
subsequently for the assortments round wood, firewood, forest wood chips for the respective region are
calculated.

Conclusion

The insights gained can be used to identify best practice examples and identify potential for improvement.
The environmental impact of current usage patterns was analyzed to identify those processes that are highly
polluting and have a high potential for improvement. Based on this, a package of measures tailored to the
respective model operation was set up.

Keywords: life cycle assessment, environmental impacts, timber harvesting, timber supply, forestry
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Abstract: Steep country harvesting has been identified as the main bottleneck to achieving greater
profitability in the forestry sector of New Zealand and Australia. An improvement of efficiency, work safety
and environmental sustainability should be realized by developing an advanced steep terrain timber
harvesting system based on innovative Austrian technology. To identify the best suitable configuration of a
cable yarder for steep terrain harvesting, user preferences based on an online survey (conjoint analysis)
have been evaluated to answer the following questions: (1) What attributes of a new yarder design are most
important to consumers? (2) Which criteria do stakeholders consider when selecting a cable yarder? (3)
What are the weights representing the relative importance of criteria? Using eight specific design scenarios
a fourth question, being which cable yarder concept is the best, was also answered. This case study shows
that conjoint analyses is an effective tool to assess, rate and subsequently integrate design characteristics.
Based on the results of the analysis, a cable yarder prototype will be manufactured in Austria and
transferred to New Zealand for testing and demonstration.

Keywords: timber harvesting, cable yarding, steep terrain, conjoint, decision support, marketing research,
mechanical engineering
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The physical properties of forest land to be harvested will always play a major part in determining the most
suitable harvest equipment and methods. In Sweden and the Nordic countries the main physical properties
of forest land are organized in a very structured and harmonized manner in the “terrain classification
system” which describes the three properties 1) ground type, 2) surface roughness and 3) slope (Malmberg,
1989). However foresters around the world consider aspects of these three properties when planning the
harvest. Slope is important because it sets definitive limits for different main kinds of equipment. Usually
tracked machines can handle steeper slopes than wheeled machines and if the terrain becomes too steep the
next option is cable- or air based systems (Greulich, 1999). In the global context there is a lack of consistent
and comparable data of slope in forest land since most effort to classify slope has been done within smaller
regions using different scales and techniques. However, modern remote sensing data enable a great span of
analyses, also in the field of forest operations (Talbot et al., 2017). It is a desirable approach that enable
results that are consistent and comparable between different regions and countries. The aim of this study
was to create a globally consistent dataset of slope in forest land.

A Geographic Information System (GIS) analysis was performed in the open source softwares QGIS,
GDAL and R. The core of the analysis is a digital elevation model (DEM) from the German TanDEM-X
mission with an initial resolution of 12 meters, that was aggregated and made available freely by DLR
(Deutsche Zentrum fiir Luft- und Raumfahrt) at 90 m resolution. A slope map was computed from the DEM
using the method proposed in (Zevenbergen & Thorne, 1987). All slope pixels were counted and
categorized in one of four slope classes: <=15°, 15.1-20°, 20.1-30° and >30°. A raster dataset of land cover
was used in combination with the DEMs to mask out all but forest land. Specifically the land cover dataset
was a Forest/NonForest dataset produced from the same TanDEM-X raw data (Martone et al., 2018). The
intersection of the “slope” and “forest” rasters was finally computed in the GDAL raster calculator. The
result consists of forest land in the four slope classes. When that figure was related to the total forest land
in each country, a percentage was extracted and demonstrated for each slope class in all countries.
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Figure 1. Distribution of forest land in four slope classes within the six continents with forestry
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The share of slope in forest land varies greatly between continents with Asia and Africa being the two
extremes. Africa have a very large share of forest land in flat terrain and almost no forest in very steep
terrain (>30°). Asia on the other hand have less than 60 % of its forest land in flat terrain and around 10 %
in very steep terrain (figure 1).

The forest land in United States, Russia and Canada is quite similarily distributed over the four slope

classes. China stands out in the comparison with relatively little flat terrain and large areas in steeper terrain.
Brazil stands out with almost no forest growing in steep terrain.
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Figure 2. Distribution of forest land in four slope classes within the five countries
harvesting more than half of the industrial roundwood in the world

The aggregation of the DEM from 12 to 90 meter pixel size of course imply a loss of information. To assess
the impact of this procedure detailed data were calculated for both Sweden and Austria. The results from
this assessment did not provide support for the more time consuming high resolution which allowed us to
continue the analysis globally without changing the main method. The forest mask was also limited in
resolution and accuracy in certain types of forests, e.g. clearcuts in Sweden is not always classified as forest
land. The main contribution of this study is the large and consistent dataset of slope in forest land for all
countries. Since the dataset is consistently calculated for the whole world it allows for reliable comparison
between countries, which is a feature that have so far been missing in existing datasets.
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Abstract: Skyline tensile forces have shown to frequently exceed the recommended safety limits during
ordinary cable logging operations. While the cable line design is normally based on static calculations,
the occurrence of dynamic loads during the lateral skid and inhaul is the main causes of critical tensile
forces. Avoiding the inclusion of the dynamics in the cable line layout calculations do not allow to
properly estimate the real skyline working load.

This study aims to compare direct field measurement of skyline tensile forces in ordinary operations with
calculated tensile forces derived by common procedures, algorithms and software, in order to identify
dynamic correction factors usable in the layout procedures.

The work is based on the comparison of the real skyline tensile forces - monitored in the Italian Alps on
single span and multi spans standing skyline configurations - with the tensile forces calculated through
the use of SkylineXL, purpose-built algorithms, and finite element method (FEM) models. The information
available for each work cycle include the payload, the carriage weight and the total load applied to the
cable structure; the transportation system, the yarding distance and its relative position regarding the
cable line geometry; the detailed time study of the harvesting operations.

Results identify a range of dynamic amplification factors to be applied to static measures for cable line
layout under different operational conditions.

223


http://www.tcpdf.org

FORMEC 2019 — Exceeding the Vision: Forest Mechanisation of the Future
6-9 October 2019 - Sopron, Hungary

WHOLE-TREE HELICOPTER YARDING PRODUCTIVITY ANALYSIS FOR
FUELS REDUCTION THINNING IN NORTHERN ARIZONA

Dylan Whitaker, Jeff Halbrook, Han-Sup Han
Ecological Restoration Institute, Northern Arizona University, Flagstaff, Arizona, USA
Jeffrey.Halbrook@nau.edu

Abstract: Due to high yarding costs, helicopter logging operations have traditionally been utilized to
access high value, remote timber. As land management goals for public forestlands in the western United
States shift toward restoring forest function and characteristics, forest operation techniques and
equipment such as helicopter yarding are being adopted as restoration tools. The watershed
encompassing Flagstaff, Arizona is particularly susceptible to both high severity wildfire and to the
ensuing destructive flooding. A helicopter is being used to extract whole-trees including limbs and
branches attached where traditional forest equipment access is limiting. Researchers at the Ecological
Restoration Institute at Northern Arizona University are studying the work productivity and logistics
associated with this helicopter restoration project. A detailed work analysis of felling, hooking, helicopter
extraction and landing operations is being completed. Multiple linear regression will be used to
determine factors that are significant in determining cost and productivity for each phase of the
operation. Outcomes from this project such as efficiencies and delays associated with extracting small-
diameter stems, limbs, and tops will be discussed. This information will be used to help inform forestland
managers and private contractors which factors are significant for predicting operational costs as well as
variables that can be controlled in order to improve the productivity of forest fuels reduction projects
using helicopters.
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Abstract: Failures in cable yarding operations are related to both breakage of the skyline or collapse of
its anchoring system, and normally culminate in nearby workers being injured. The high forces,
necessary to provide a cable path that consent an efficient transportation of the logs, are dynamically
amplified by the oscillation of the moving weight (in case of fully suspended loads) and by the sudden
accelerations applied to the carriage sue to the skidding of the logs (in case of semi-suspended loads).
These high-magnitude forces must be withstood by the anchoring system, in general consisting of a
sufficiently large tree or stump available in the nearby area, over which the rope end is secured. Due to
the lack of effective methods that predict the actual load carrying capacity of such anchoring solution,
failure due to overturning or stem breakage of the tree is likely possible.

The present work aims to apply the knowledge of tree stability assessment to the case of trees used as
anchors in cable yarding operations. Comparison between data of experimental pulling tests that
simulated failure of the anchors due to uprooting and data collected from direct field measurements are
made. More in detail: i) pulling tests data consist of force vs. rotations curves obtained from destructive
pulling tests on mature trees with medium-high diameter at breast height; ii) field data of real cable
logging systems consist of force vs. rotations curves obtained by the synchronization between the
variations of tensile forces in the skyline and the anchors’ relative displacements. The correlation
between the two sets of data is made in order to develop an assessment technique, based on continuous
monitoring, that guarantee a better level of safety of the anchors than actual empirical methods.
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Abstract: The selection of proper forest harvesting system is an important in order to balance environmental,
social and economic interests. This study applied the Delphi method to identify the weight balance between
environmental, social and economic aspects. The panel of experts consisted of a number of scientists in the field.
The data was collected using a questionnaire distributed in two rounds. The results demonstrated that the job
positions (manager assistant, forest manager, and administrator) do not have significant impact on the result.
The results from both round illustrated the same direction that economic is the most concern for forest
plantation, while environment and social aspects are less anxiety. Not many of responder changed their opinion
in the second round. Afterwards, the weight score which received from Delphi method is used for ranking the
logging systems. This study included ten different logging systems to be evaluated. There are several factors to
be taken into account, such as, productivity, harvesting cost, heart rate, soil compaction, soil erosion, etc. All
factors were reclassified into five classes, graded as 1, 2, 3, 4, and 5 (critical, fair, moderate, good, and
excellence) according to expert’s opinion. The logging system which got the highest score is felling by chainsaw,
extraction by elephant together with farm tractor and transported by truck with loader. The findings could assist
forest managers in selecting the right harvesting system, while taking into account the environment, economic
and social aspects. This kind of a calculation model was used to facilitate an ease in comparing the logging
systems, it is relatively simple tool for forest manager to help in making decision. However, the study shall apply
the GIS into the implementation in the future in order to visualize the precise area with specific logging system.

Keywords: delphi, logging system, sustainable, grading, teak plantation

Introduction

In the last decades, the term ““sustainability” has become very common in the description of resource utilization
intentions (Hahn and Knoke, 2010). In practice, sustainability aims to achieve social well-being, without
compromising the environmental resources, through a fair economic well-being (Koehler and Hecht, 2006) that
is related to three pillars — the economy, the environment and society (Kastenhofer and Rammel, 2005).
Effective implementation of sustainable forest management practice depends on carrying out forest operations
in a sustainable manner (Heinimann, 2007). The concept of sustainability is important in planning and practice
of forest operations, and should encompass different aspects. Thus, new concept of Sustainable Forest
Operations (SFO) provides integrated perspectives and approaches to effectively address ongoing and
foreseeable challenges while balancing forest operations performance across economic, environmental and
social sustainability objectives. For the practicality of SFO, it is essential to: (i) promote operationally safe,
environmentally responsible, locally acceptable and economically viable forest mechanization; (ii) invest in
workforce training that improve not only operational skills but also awareness of health and safety issues and
quality operations that are sensitive to changing work conditions; (iii) develop certification programs to meet
and enforce operator and performance efficiency standards; (iv) encourage forest professionals to improve their
management skills and sustainable business strategies; (v) improve the forest workers' health and safety without
compromising the profitability, viability and economic competitiveness of forest business and practices; and (vi)
encourage renovation and innovation of forest machinery in order to improve the efficiency and reduce the
negative ecological impact of forest operations (Marchi et al. 2018). In recent years some studies have been
published to estimate best suitable harvesting systems on the basis of forest districts or compartments using GIS.
Even some of studies were took ecological or social criteria into account, which is essential for a comprehensive
analysis of the impacts of harvesting operations (Kuhmaier and Stampfer, 2010). However, the selection of
suitable logging systems via GIS application required skilled operator and rather complicated for local farmers
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or forests who do not have basic knowledge on GIS. Thus, the objective of this study is to develop the simple
method for selecting the appropriate logging systems which serves SFO concept.

Methodology
This study was carried out in Teak plantations in Northern part of Thailand, Phrae province. The common
harvesting method for Teak is tree length method. Appropriate technology is used in the area, such as,

chainsaw , tractor, skidded, etc. In the study area, there are ten possible logging systems as shown in Table 1.

Table 1 Available logging systems in the study area

System Felling & Processing Timber extraction Primary transportation
1 Chainsaw Elephant Modified self-loading truck
2 Chainsaw Farm tractor Modified self-loading truck
3 Chainsaw Skidder Modified self-loading truck
4 Chainsaw Elephant Truck & tractor with front end grapple
5 Chainsaw Farm tractor Truck & tractor with front end grapple
6 Chainsaw Skidder Truck & tractor with front end grapple
7 Chainsaw Elephant & farm tractor Modified self-loading truck
8 Chainsaw Elephant & farm tractor Truck & tractor with front end grapple
9 Chainsaw Elephant & skidder Modified self-loading truck
10 Chainsaw Elephant & skidder Truck & tractor with front end grapple

This study divided into two sections: the reclassification of relevant factors and the weighting score of each
factors. There are several factors to be taken into account, for example, productivity, logging cost, heart rate, soil
compaction, soil erosion, etc. All factors were reclassified into five classes, graded as 1, 2, 3, 4, and 5 (critical,
fair, moderate, good, and excellence, respectively) according to expert’s opinion (Table 2).

Table 2 Reclassification of grading score for each relevant factors

Grading score
Aspect 1 2 3 4 5
Critical Unacceptable Fair Good Excellent
Productivity <5.99 m¥h 6-10.99 m3/h 11-15.99 m3/h | 16-20.99 m3/h >20.99 m3/h
Logging cost >900 BTH/m3 |650-900 BTH/m3[450-649 BTH/m3|150-449 BTH/m3| <150 BTH/m3
Heart rate >80 bpm 76-80 bpm 72-75 bpm 69-71 bpm <69 bpm
Working posture >=11 8.0-10.9 4.0-7.9 2.0-3.9 <2
Soil compaction >1.8 g/cm3 1.6-1.8 g/cm3 1.4-1.6 g/cm3 1.2-1.4 g/cm3 <1.2 g/cm3
Soil erosion >9.6 mm/y 7.21-9.60 mm/y | 2.41-7.20 mm/y | 0.96-2.40 mm/y <0.96 mm/y

Remark: IEUR = 34.45 BTH (refer on 12 Aug 2019)

Afterwards, the Delphi method was applied to identify the weight balance between environmental, social and
economic aspects. The panel of experts consisted of a number of forest plantation staffs (n = 22). The data was
collected using a questionnaire distributed in two rounds (Table 3). Afterwards, the weight score which received
from Delphi method is used for ranking the logging systems. The grading score from each factor is combined
with weight score for each tools/machine and sum up according to logging system. The logging system that
obtain the highest score is considered as the best logging system in certain circumstance.
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Table 3 The summary of responders for Delphi method

Round 1 Round 2
Responder 22 19
Executive/administrator 6 3
Plantation manager 5 5
Plantation manager assistant/staff 11 11

Results

The results from both round illustrated the same direction that economic is the most concern for forest
plantation, while environment and social aspects are less anxiety. Not many of responder changed their opinion
in the second round. The results demonstrated that the job positions (manager assistant, forest manager, and
administrator) do not have significant impact on the result (Table 4).

Table 4 Weight score that obtained from Delphi method

Aspects Round 1 Round 2
Productivity 25.32 26.52
Economics - 48.7 51.1
Logging cost 23.38 24.58
Heart rate 14.61 13.89
Social 26.8 254
Working posture 12.19 11.51
Soil compaction 12.74 13.09
Environment 24.5 23.5
Soil erosion 11.76 10.41

The weight score which received from Delphi method is used for ranking the logging systems. Then combined
the weight score and grading score of each machine in all aspects. The table 5 showed the example of calculate
for skidder. The total score for each machine is equal to five. Thus the maximum score for each logging system
is equal to 15.

Table 5 Example of calculation for skidder

Aspect Info Grading score | Weight score Score Total score
Productivity 17.87 m3/h 4 0.265 1.061
Logging cost 229 BTH/m3 4 0.246 0.983
Heart rate 91.5 bpm 1 0.139 0.319 3933
Working posture 5.5 3 0.115 0.345
Soil compaction 1.45 g/em3 3 0.131 0.393
Soil erosion 4.03 mm/y 3 0.104 0.312

The recommended logging system which got the highest score (10.794) was felling by chainsaw, extraction by
elephant together with farm tractor and transported by truck with loader (Table 6). The second best logging
system was felling by chainsaw, extraction by elephant together with skidder and transported by truck with
loader. While the logging system that got the lowest total score (8.958) was felling by chainsaw, extraction by
elephant and transported by modified self-loading truck.
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Table 6 Total score of each logging system

System I}I‘ ‘:)liiezgiﬁjg Timber extraction Primary transportation Total score
1 Chainsaw Elephant Modified self-loading truck 8.958
2 Chainsaw Farm tractor Modified self-loading truck 9.488
3 Chainsaw Skidder Modified self-loading truck 9.063
4 Chainsaw Elephant Truck with loader 9.999
5 Chainsaw Farm tractor Truck with loader 10.529
6 Chainsaw Skidder Truck with loader 10.104
7 Chainsaw Elephant & farm tractor | Modified self-loading truck 9.753
8 Chainsaw Elephant & farm tractor Truck with loader 10.794
9 Chainsaw Elephant & skidder Modified self-loading truck 9.507

10 Chainsaw Elephant & skidder Truck with loader 10.548

Discussion and Conclusions

The method could assist forest managers in selecting the right harvesting system, while taking into account the
environment, economic and social aspects. However, the results may be changed if the weight coefficient is
modified. The weight coefficient is pretty much relies on expert’s opinion. In this case, experts mostly focused
on economic than other aspects.Thus, if the circumstance is changed, then the recommended logging systems
may no longer valid. This kind of a calculation model was used to facilitate an ease in comparing the logging
systems, it is relatively simple tool for forest manager to help in making decision. However, the study shall
apply the GIS into the implementation in the future in order to visualize the precise area with specific logging
system.
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Abstract: Invasive plants impact the health and regeneration of forests due to their ability to compete
with and displace native species. Loggers can serve as early detectors of invasive plants and can help
prevent their introduction and spread in the woods. Logging business owners in Minnesota (USA) were
studied to assess a variety of factors related to invasive forest plants. Most respondents indicated they were
somewhat to slightly knowledgeable about invasive plants. Approximately 25% of respondents reported
contractual obligations or voluntary efforts to inspect and clean their equipment to prevent spread. Few
respondents had developed invasive treatment activities as an additional revenue stream, but one-half had
some interest in doing so. The majority of respondents (87%) were concerned about potential impacts to
their business operations if an invasive forest plant best management practices (BMP) program were
developed. Training in identification of invasive forest plants was the most frequently cited information
need.

Keywords: Best management practices (BMPs), regulatory, voluntary, treatment, removal

1. Introduction

An invasive plant is a species whose introduction does or is likely to cause adverse economic or
environmental impacts or harm to human health (Beck et al., 2006). They can greatly impact the health
and regeneration of forest lands through reduced forest productivity, degraded soil and competition
(Holmes et al. 2009). Additionally, they can also impact wildlife habitat and decrease suitability for a
variety of recreational opportunities.

Invasive species can become established or spread during activities which disturb vegetative cover or
expose bare soil. Timber harvesting and the associated development of infrastructure (roads, landings, skid
trails) on-site can create pathways for invasive plants to become established and spread (Rauschert et al.,
2017). Logging activities can contribute to the introduction and spread of invasives when seeds of invasive
species become attached to logging and trucking equipment, employee or service vehicles driven to job
sites, boots, or are transported between harvest sites or on forest products hauled to markets. Minnesota
logging businesses reported harvesting an average of 9.2 tracts per respondent (median of 6 tracts) in 2016
(Blinn et al., 2019). Logging can also lead to more open canopies and soil disturbance, which can create
conditions conducive to establishment of invasive plants (Setterfield et al., 2005).

While best management practices (BMPs) for invasive forest plants have not been formally developed to
limit the impact of invasive species when conducting harvest activities in Minnesota, timber sale contracts
on public lands do typically include requirements to prevent the introduction and spread of invasive plants.
For example, on US Forest Service lands, timber sale contracts identify the location of known invasive
plant infestations and outline conditions for cleaning logging equipment (USDA Forest Service, 2006).
Specifically, logging equipment must be cleaned prior to moving into a cutting area of a Forest Service sale
if it was last operating in an area known to contain invasive plants. Equipment must also be cleaned before
moving between cutting units of the same sale if operations have occurred in an area with known invasives.
Operators are instructed to clean their equipment of seeds, soil, vegetation matter, and other debris that
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could contain seeds of invasive forest plants. On timber sales within Minnesota Department of Natural
Resources (MnDNR) administered land, loggers need to inspect their equipment before entering and
leaving a site to ensure that it is free of mud, dirt clods and reproductive plant parts (MnDNR, 2008). During
the timber sale design process, MnDNR foresters work to reduce the need for loggers to apply additional
invasive plant mitigation practices by rerouting access, changing the season of operation, or altering the
timber sale boundaries to avoid infected areas.

We are not aware of any literature that has examined loggers’ awareness, behaviors and information needs
relative to invasive forest plants. To address this knowledge gap, logging business owners who were
members of the Minnesota Logger Education Program (MLEP) were surveyed in Spring 2018 to gather
baseline data which could help direct future efforts to limit the impact of invasive forest plants.

2. Methods

A mail survey was administered to collect information from MLEP logging business owners. MLEP is a
private non-profit educational corporation. They define a logging business as a sole-proprietorship,
partnership or corporation that purchases stumpage and/or is an independent contract logger, controls
timber harvesting and owns timber harvesting equipment (mlep.org/membership.htm). MLEP logging
businesses harvest timber on public and private lands and deliver forest products to the main wood-using
industries in Minnesota. Small business operations that provide timber to small or hobby markets likely
were not surveyed as they wouldn’t be members of MLEP.

Following the Dillman tailored design method (Dillman, 2000), a total of five contacts were made with
potential respondents. The survey was designed as a double-blind study, where MLEP created a unique
code with two letters and two numbers which was printed on each survey. Surveys were returned to the
University of Minnesota where MLEP was notified of the codes as surveys were received. Responses were
received from 135 individuals for an overall response rate of 38% with a useable response rate of 37%.
Data were entered into an Excel template, every entry was error checked, and errors were corrected.

The initial quartile of respondents (based on when the completed survey was received) was compared to
the last quartile following Armstrong and Overton (1977) to check for nonresponse bias. Chi-square tests
revealed that late responders were slightly more likely to have harvested at least 15,000 cords of timber in
the past 12 months (¥2(1, N=63) = 5.0279, p=0.0249) and to be winter only harvesting operations (¥2(1,
N=63) = 4.0018, p=0.0455). However, no significant differences were found between early and late
responders relative to their general level of knowledge about invasive forest plants, perceived impacts of
invasive plant BMPs on their business operations, level of interest in developing invasive plant treatment
or removal expertise, or level of interest in purchasing a timber sale when invasive forest plants are known
to be present.

Basic summary statistics and figures were calculated using Excel, and tests of difference were computed
with SAS version 9.4. The unit of analysis was the individual respondent.

Segmentations of some of the questions were done and comparisons made using Fisher’s exact test of
independence (Fisher, 1992) with post-hoc tests performed when the global test was significant through
pairwise comparisons with Bonferroni corrections (Armstrong, 2014). The segmentations were to
determine whether differences existed among respondents within a) MnDNR forestry regions (Northeast,
Northwest, Central/Southern), b) annual harvest volume size classes (1,000 cords or less, 1,001 to 5,000
cords, 5,001-15,000 cords, and greater than 15,000 cords), and c) season of operation (winter-only logging
operation versus one that operated in other combinations of seasons). Only significant segmentations are
reported in the results.
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3. Results

3.1 Respondent demographics

The highest number of responses was from the MnDNR Forestry’s Northeast region (n = 75 respondents,
57 percent of respondents) and the least from the Central/Southern region (n = 18 respondents, 14 percent
of respondents). The response rates across MnDNR Forestry regions were very similar to the distribution
of MLEP’s logging business owner membership across Minnesota

Twenty-six percent of the respondents had produced up to 1,000 cords (3,625 cubic meters) in the past
twelve months. More than half of the respondents (57%) harvested 5,000 cords (18,100 cubic meters) or
less, while only 9% harvested more than 30,000 cords (108,700 cubic meters). The smallest producers
tended to be from the MnDNR Forestry’s Central/Southern region.

Seventy-two percent of the respondents indicated that they operate year-round, 24% operate only in winter,
3% operate only in summer and winter, and 1% operate only in summer. On average, the largest percentage
of harvested volume reported by respondents during the previous twelve months was derived from private
forest land (38%), followed by approximately one-third from state lands (31%) and one-quarter (22%) from
county or municipal lands.

3.2 Awareness and Knowledge of Minnesota’s Invasive Forest Plants

Respondents were asked about their general level of awareness regarding invasive forest plant species in
Minnesota. Response options, presented on a 4-point scale, ranged from Very Knowledgeable (1) to Not
at All Knowledgeable (4). In general, the majority of respondents indicated some degree of but not great
knowledge (Figure 1). The most common response was Somewhat Knowledgeable (48%), followed by
Slightly Knowledgeable (40%).

Figure 1. General level of knowledge about invasive forest plants by Minnesota logging business owners
(percent of respondents) (N=130).
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Respondents were presented a list of 15 common invasive forest plants in Minnesota and asked whether
they were confident they or their crew could correctly identify them in the woods. Only 3% of
respondents indicated they couldn’t identify any of the 15 species. The average number of listed plants
that the respondents stated they could identify was 4 (SD=2.22), and the mode was 2. The only plant that
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a majority of respondents (89%) were confident they could identify was thistle (Figure 2).
Approximately half of the respondents could identify buckthorn (50%), reed canary grass (49%), and
honeysuckle (48%). Two plants were identifiable by approximately one-third of respondents: purple
loosestrife (35%) and common tansy (33%). Less than a third of the respondents indicated that they or
their crew could correctly identify any of the remaining nine plants.

Figure 2. Confidence in ability to identify specific invasive plants in the woods (percent of respondents)
(N=131).
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While 54% of respondents indicated they had not noticed an increase of sales with invasives over the past
three years, 48% of respondents indicated that they had never sought information about invasive forest
plants from a list of 12 organizations,

Respondents were provided a list of eleven organizations and asked which they would report invasive plants
to if they were to encounter them on a timber sale. Only a small percentage of respondents indicated they
would not report invasive to anyone (10% of respondents on public land timber sales and 13% on private
land timber sales). Similar percentages indicated they do not know who to report invasives to (13% on
public land timber sales and 15% on private timber sales). Reporting sources vary depending upon whether
the sale occurs on public or private land. For public land timber sales, the two entities most likely to report
to are the MnDNR (47%) and the forester/sale administrator (43%). Approximately one-third of
respondents would report invasives on public land timber sales to county land departments. For private
land sales, the most commonly selected reporting entity was the private forest landowner (38%), followed
in smaller percentages by reporting to the forester/sale administrator (21%) and the MnDNR (17%).

The majority of respondents (54%) indicated they had not observed an increase of sales with invasives over

the past three years while 29% reported not knowing. Only 17% had noticed an increase over the past three
years of sales with invasive plants present.

3.2 Practices Undertaken to Address Invasive Forest Plants
To better understand the practices that logging businesses were already undertaking to prevent the

introduction and/or limit the spread of invasive forest plants, respondents were provided a list of activities
and asked whether they had been contractually required to undertake any of them on timber sales in the
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past twelve months. The list of business practices was drawn from the literature (e.g., LeDoux and Martin,
2013) and requirements stipulated on some public land timber sales (e.g., USDA Forest Service, 2006).
More than half of the respondents indicated they had not contractually undertaken any of the activities on
public or private land timber sales (60% and 61%, respectively, of respondents). For three of the activities,
approximately one-quarter of the respondents had been contractually required to undertake them on public
land timber sales: inspecting equipment for invasives prior to moving it to a different logging site (29%),
inspecting equipment for invasives prior to removing it from the job site (26%), and cleaning/washing the
equipment (26%) (Table 1). These same three activities were the only ones done contractually at any
appreciable level on private land timber sales as well.

Table 1. Invasive plant control and treatment activities contractually and voluntarily undertaken on timber
sales in the previous twelve months (percent of respondents).

Contractually required Voluntarily implemented

Public sales | Private sales | Public sales | Private sales
Activity (N=95) (N=101) (N=96) (N=103)
Clean/Wash equipment 26% 20% 33% 29%
Inspect equipment prior to removing from 26% 20% 35% 32%
job site
Inspect equipment prior to moving to job 29% 21% 40% 32%
site
Examine site for invasives 4% 6% 13% 17%
Treat invasives via burning 0% 2% 0% 2%
Treat invasives via herbicide 0% 2% 0% 4%
Manually treat invasives 0% 1% 0% 3%
Mechanically treat invasives 0% 0% 1% 4%
None of the above 61% 60% 45% 47%

Forty-five percent of the respondents indicated they had not voluntarily undertaken any of the activities to
prevent the introduction and/or limit the spread of invasive forest plants on public land timber sales, while
47% indicated none of the activities had been voluntarily undertaken on private land timber sales. The
same three activities undertaken by the greatest percentage of respondents under contractual requirements
were also the highest implemented voluntary activities: inspecting equipment for invasives prior to moving
it to a different logging site (40% public land sales and 32% private land sales), inspecting equipment for
invasives prior to removing it from the job site (35% public land sales and 32% private land sales), and
cleaning/washing equipment (33% public land sales and 29% private land sales) (Table 1). The percentage
of respondents voluntarily inspecting job sites for invasives was approximately 3 times higher than the
percentage doing so out of contractual requirements for each land ownership type.

3.3 Invasive Forest Plant Best Management Practices (BMP) Program

While the state of Minnesota hasn’t formally developed best management practices (BMPs) for invasive
forest plants, various practices exist elsewhere. Respondents were presented a list of 10 potential practices
related to invasive forest plant control and asked to rate their perception of the difficulty to implement each
practice. The list of business practices was drawn from the literature (e.g., LeDoux and Martin, 2013) and
requirements specified on some public land timber sales (e.g., USDA Forest Service, 2006). Response
options ranged from Very Difficult (1) to Not at All Difficult (4) on a 4-point scale. When viewed by
average values, the difficulty of all of the activities was rated below a 3, indicating each of the activities
was more than Slightly Difficult to implement (Table 2). The activity that was perceived to be the least
difficult to perform was learning to identify invasive plants, with an average value of 2.77, with 64% of
respondents indicating this practice would either be Slightly to Not at All Difficult to implement. The
practice rated with the greatest average difficulty was treatment of staging areas to remove invasive plants
prior to bringing in equipment (1.52) with 59% of respondents indicating that would be a Very Difficult
practice to implement.
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Respondents were asked to rate the perceived impact that a hypothetical statewide invasive forest plant
BMP program that included the types of activities identified in Table 2 would have on their logging
business, if one were to be developed. Response options were offered on a 4-point scale ranging from a
Large Impact (1) to No Impact (4). Nearly half (49%) of respondents reported that a forest invasives BMP
program would likely have a Large Impact on their business, with an additional 38% reported impacts
would be Moderate (Figure 3). There was an overwhelming preference for a voluntary program (96%), if
this type of forest invasives BMP program were to be implemented.

Table 2. Perceived degree of difficulty implementing various potential invasive forest plant BMPs (percent
of respondents).

Very Somewhat | Slightly | Notatall | Average

difficult difficult difficult | difficult value
Best management practice (€)) 2) (R)) “4) (Std Dev)
Learn to identify invasive plants 8% 28% 43% 21% 2.77
(N=121) (0.8733)
Document and notify appropriate 18% 36% 20% 25% 2.53
agencies that invasive plants were (1.0581)
found (N=123)
Document that invasive plant BMPs 20% 30% 27% 22% 2.51
were practiced in your operations (1.0509)
(N=123)
Create equipment staging areas 29% 36% 26% 9% 2.16
where invasive plants are absent (0.9411)
(N=123)
Coordinate inspection of equipment 32% 37% 18% 12% 2.10
for invasive plant materials (0.9917)
(N=123)
Inspect and clean equipment of soil, 36% 39% 16% 9% 1.98
seeds and plants prior to moving (0.9369)
between sites (N=124)
Clean wup staging areas after 37% 39% 17% 8% 1.95
operations (N=121) (0.9156)
Minimize the length of time that 41% 36% 17% 7% 1.89
bare ground is exposed prior to re- (0.9109)
seeding/re-vegetating (N=122)
Acquire clean construction 50% 23% 17% 10% 1.86
materials, fill dirt, gravel, sand (1.0228)
and/or mulch (N=124)
Mow, spray or treat staging areas to 59% 32% 9% 1% 1.52
remove invasive plants before (0.6911)
bringing equipment in (N=125)

3.4 Interest in Developing Invasive Forest Plant Expertise

Logging businesses could develop invasive forest plant treatment services or be hired outside of a timber
sale to treat or remove those plants as a way to diversify their operations or provide additional revenue to
the business. Only 2% of respondents reported that they have developed invasive forest plant treatment or
removal services and only 1% have been hired to provide such services in the past twelve months. A 4-
point scale ranging from Very Interested (1) to Not at All Interested (4) was used to understand if
respondents were interested in developing or expanding their expertise in invasive forest plant treatment or
removal. Almost half of the respondents (49%) indicated they were Not at All Interested in developing
such expertise as a means to diversify their operations (Figure 4). Approximately one-third (32%) indicated
Slight Interest, while 20% indicated they were Somewhat to Very Interested.
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Figure 3. Perceived impact of invasive forest plant BMPs on logging business operations (percent of
respondents) (N=126).
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Figure 4. Degree of interest in developing invasive plant treatment and removal expertise (percent of
respondents) (N=119).
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3.5 Information Needs

MLERP is interested in meeting the informational needs of its members. Respondents were presented with
nine education/information/training topics and asked to rank their top three needs relative to invasive forest
plants or whether they had no information needs relative to invasive forest plants. Only a very small
percentage (3%) of the respondents indicated they had no information needs. Identification of invasive
forest plants was the most frequently cited information need and was rated as the most needed training topic
by 49% of the respondents (Table 3). Business expenses associated with invasive forest plants and logging
BMPs associated with invasive plants were cited second and third most frequently, respectively.
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3.6 Segmentation Analyses

No statistical differences were found for most of the factors evaluated during the segmentation analyses of
MnDNR forestry regions, harvest volume size class, and seasonality of business operation. A few factors
did vary statistically by MnDNR forestry region. In general, when factors were found to vary, the
differences were associated with the Central/Southern region versus the other two. Specifically, higher
percentages of respondents in the Central/Southern regions reported noticing an increase in timber sales
with invasives over the past three years than the other two regions. Respondents in the Central/Southern
region also reported greater interest in developing invasive plant removal or treatment expertise than the
other two regions. In terms of invasive plant activities being conducted on sales either contractually or
voluntarily, when there were statistical differences, respondents in the Central/Southern region were less
likely to be undertaking them, although most of the activities did not have regional variation. Specifically,
Central/Southern respondents were less likely than Northeast respondents to have been contractually
required to inspect their equipment prior to moving it to private land timber sales. Central/Southern
respondents were less likely than loggers in the other two regions to have voluntarily cleaned their
equipment on public land timber sales. ‘Small producers’ (e.g., 1,000 cords or less) were more commonly
found in the Central/Southern region.

Table 3. Ranking of information needs (percent of respondents) (N=82).

Percent
Percent ranked
Percent | 2" Percent | either 1%,

Information topic 1% rank | rank 3" rank | 2" or 3"
Identification of invasive forest plants 49 17 7 73
Business expenses associated with invasive forest plants 17 13 13 43
Logging BMPs associated with invasive plants 15 10 13 38
Impacts associated with invasive forest plants 9 15 10 34
Invasive forest plant spread prevention 5 18 22 45
Sources of information about invasive forest plants 4 9 6 19
Equipment requirements associated with managing 1 11 11 23
invasive forest plants
Business opportunities associated with invasive forest 1 2 11 14
plants
Invasive forest plant removal 0 5 6 11

A few of the factors did vary statistically by timber volume size class. In general, when factors were found
to vary, the smaller cord businesses tended to be less active relative to invasive activities in comparisons to
larger volume businesses. Specifically, on public land timber sales, the 1,000 cord or less companies and
the 1,001-5,000 cord companies were less likely than the 5,001-15,000 cord companies to clean their
equipment prior to moving it due to contractual obligations. Similarly, the 1,000 cords or less companies
were less likely to have been contractually required to inspect their equipment prior to moving it than the
5,001 to 15,000 cord companies. In terms of contractual requirements on private land sale land timber
sales, the 1,000 cords or less companies were less likely to inspect their equipment than the greater than
15,000 cords before moving it to a sale and less likely than the 5,001-15,000 cord companies to inspect
prior to removing it from a job site. Further, the 1,001-5,000 cord business were less likely to have been
required to clean/wash their equipment than the 5,001-15,000 cord companies. Also, the 1,000 cords or
less companies were less likely to have voluntarily inspected their equipment prior to moving it, inspected
equipment prior to removing it and clean/wash their equipment than the 5,001-15,000 cord companies.
Finally, the 1,001-5,000 cord group had a higher percentage of winter only operations as compared to the
greater than 15,000 cord companies.

Winter-only respondents reported lower general levels of knowledge of invasive forest plants in Minnesota.
Higher percentages of winter-only businesses were in the 1,001-5,000 cord annual volume size class.
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4. Discussion

While Minnesota logging business owners believe that they are somewhat to very knowledgeable about
forest invasive plants, only four invasive plants could be confidently identified by about 50% or more of
the respondents. The relatively low level of ability to identify specific plants may be due to the lack of
training opportunities related to forest invasive plants for Minnesota’s logging businesses, or logging
activities occurring during the winter when the ground is likely snow-covered and foliage isn’t present.
Minnesota logging businesses reported harvesting 53% of their volume during the winter (Blinn et al.,
2019), and 24% of the businesses reported that they only harvest timber in the winter. Additionally or
alternatively, public agency foresters may be pre-treating areas with the presence of invasive plants so that
logging businesses haven’t had significant experience with invasive plants on their logging sites.

While more than half of the respondents hadn’t undertaken any of the listed activities to prevent the
introduction and/or limit the spread of invasive plants, there was a correspondence in implementation of
activities undertaken contractually and voluntarily on public and private lands. Some logging businesses
are voluntarily undertaking activities to prevent the introduction and spread of invasives, and there is a
positive association between contractual and voluntary implementation of activities among some of the
respondents.

Each of the 10 potential invasive forest plant BMP activities were perceived as being more than Slightly
Difficult to implement. While respondents may have never implemented any of the practices, business
owners likely perceive that each BMP has an associated cost which will raise their cost of production
without a commensurate increase in delivered price. Thus, as one respondent said in a written comment,
“I fear the bulk of the cost will fall on the logging industry when in fact we are a small part of the problem.”
while another said, “If markets don’t pay for this then the logger will have to.” If a statewide BMP program
were to be developed, there is overwhelming support for the program to be implemented on a voluntary
basis, which is similar to Minnesota’s forest management guideline program with generally high levels of
compliance (Rossman et al., 2018).

While few respondents had been hired outside of a timber sale to treat or remove invasive forest plants,
about half of them indicated at least a slight interest in developing expertise in this area. They recognize,
however, that being able to identify invasive forest plants is key to their ability to effectively treat or remove
those plants and that training is needed on this topic. In response and given their greater interest in
developing relevant expertise, pilot educational classes were conducted in the Central/Southern region to
begin enhancing the knowledge of Minnesota’s logging industry. Winter-only businesses may also be in
great need of training and assistance to deal with invasive plant control activities.

Some of the differences in the Central/Southern respondents may be more of a function of being a small
producer (e.g., perhaps less mechanized with lower levels of production and more time spent on-the-ground
with a chainsaw and/or cable skidder), than specifically related to a producer being located in the central or
southern part of the state. Thus, information and training needs may be different for small-scale producers
versus larger logging business operations.

The differences we found by timber volume size class are likely influenced in part by the type of sales
different sized businesses bid on. For example, the smaller volume companies may be purchasing more
private land sales which may be less likely to have contractual requirements to undertake invasive plant
activities. Moreover, since the smallest-volume producers were more likely to be winter-only businesses,
they are less likely to encounter invasive plants during their operations. The implications for these
differences by timber volume size class is that greater training and assistance may be needed for the
smaller volume operators if invasive plant BMP practices were to be required given less experience in
dealing with invasive plant practices.
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Abstract: While cut-to-length harvesters have been operating for more than two decades in Germany and
have become the standard system for softwood stands under most conditions, large-dimension hardwoods
are still commonly the subject of motor-manual work. Recently, growing interest to begin hardwood
harvesting already in early fall in order to respond to market demand and to schedule machine traffic to
periods of low soil moisture leads to harvesters being increasingly used in large-dimension hardwoods
since motor-manual felling of hardwood trees with foliage is critical with respect to work safety.
However, due to the large crowns and high masses of hardwood trees — especially with the leaves on —
felling the trees in a controlled manner becomes increasingly difficult even for large harvesters.
Therefore, the impact of utilizing a harvester for felling and processing of large-dimension hardwoods on
the stand, i.e. frequency and severity of damages to the remaining trees, has been evaluated for
operations performed under two conditions: in early fall with leaves on, and in winter. Furthermore, the
impact on the soil has been assessed by combining in-situ measurement of soil penetration resistance with
laboratory measurement of soil physical characteristics such as (relative) bulk density, air permeability
and water permeability using soil-core samples taken on transects across machine operating trails, both
pre- and post-traffic for each condition. A large wheeled harvester (Rottne H20) was used in both
conditions that were tested within the same harvest block. The results allow for an estimation whether
utilizing harvesters in technically demanding hardwood operations, and in particular for trees with
foliage, are feasible from the perspective of environmental impact. In further field studies, a
complementary evaluation for a large tracked harvester shall be conducted under the same conditions to
allow for a comparative assessment of these two basic machine concepts.

Keywords: deciduous trees, soil compaction, bark damage
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Abstract: Comprehensive follow-up studies on the fuel consumption of logging machines (i.e., harvesters
and forwarders) have not been conducted during the previous fifteen years in Finland, and only a few
exist for global, long-term studies of wood harvesting machinery. Emission calculations require updated
information about fuel consumption in cut-to-length logging operations, and it is essential to understand
the effect of multiple factors, such as harvesting conditions (e.g., stem volume of removal, hectare-based
removal, number of timber assortments, forest haulage distance, soil type, harvesting season, depth of
snow cover), the machine operator, or the machine and its adjustments, on fuel consumption in cutting
and forwarding. This study determined and modelled the fuel consumption of harvesters and forwarders
in cut-to-length logging operations in Nordic wood harvesting conditions in Finland from March 2018
through April 2019. Fuel tanks of 17 harvesters and 13 forwarders were equipped with digital Piusi K24
flow meters featuring an accuracy of +1% that measured the use of the fuel consumption of 309,770 dm’
in cutting and 156,230 dm’ in forest haulage. In cutting and forwarding, the removals of industrial
roundwood were 314,663 m® and 222,678 m’, respectively, with the highest average fuel consumption
per hour for both harvesters and forwarders occurring during clear cuttings. In the first and
later thinnings, the fuel consumption per hour was less with harvesters and forwarders. The fuel
consumption per cubic meter harvested was significantly lower when logging industrial roundwood from
clear cuttings. In addition to the cutting method, the results suggested that the machine-operator
combinations and harvesting conditions significantly affect fuel consumption rates. With this data, the
fuel efficiency in logging operations can be improved, training of machine operators enhanced, and
emission calculations developed.

Keywords: energy efficiency, cutting, forest haulage, harvester, forwarder, industrial roundwood, follow-
up study
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Abstract: In Germany, extraction lines are built permanently and for stand generations. The shorter the
distance is between the extraction line, the easier it is to harvest the timber mechanically. At the same
time the intermediate area, in which silvicultural activities can be carried out, gets smaller and smaller.
Hence, we focus on the research question in how far the distance of the extraction line affects the value of
a tree stand. We assume, that the growth is directed to the qualitatively best trees in the stand in order to
produce higher quality wood. Depending on the tree species and the age of the trees, there is an optimal
distance between trees and thus a defined number of selected trees per hectare. The extraction line
reduces the traffic-free zone, in which the trees should be spaced out uniformly. Here there are two
extreme positions:

1) Compliance with the distance of the trees: For example having 200 selected trees per hectare, the ideal
distance between the trees would be seven metres. As a result of the reduction of the traffic-free zone and
the consistently maintaining of a distance of seven metres between trees, areas occur, where no selected
tree is available. Consequently, the number of selected trees is less than 200 per hectare decreasing the
value of the stand.

2) Compliance with the specified number of selected trees per hectare: Instead, if the aim is to reach the
specified number of selected trees per hectare, the average spacing between trees has to be less than
seven metres. As a result, the intraspecific competition increases and the value of the single tree
decreases.

Taking both hypotheses into consideration, one can assess a loss in value respectively, which will be
illustrated in monetary terms by means of different tree stands and different improving accessibility
systems.

243


http://www.tcpdf.org

FORMEC 2019 — Exceeding the Vision: Forest Mechanisation of the Future
6-9 October 2019 - Sopron, Hungary

WEST VIRGINIA TIMBER HARVESTING ACTIVITIES —
LANDOWNERSHIP INFLUENCES ON HARVEST TYPES, COMPARTMENT
SIZES, AND BEST MANAGEMENT PRACTICES COMPLIANCE

Ben Spong
West Virginia University, Morgantown, WV, USA
ben.spong@mail.wvu.edu

Abstract: Landownership in WV and surrounding areas of the eastern United States is dominated by
many small private, fewer industrial, and even fewer public owners. Each of these ownership categories
have different perspectives on why timber harvesting activities might occur on their property. In general,
lands under public or industrial ownership have science based, multifaceted management objectives.
Public lands often value multiple use and a diversity of outcomes, while the focus on industrial owners
typically lean towards sustainable production of wood fiber and returns to their investors. With
thousands of individual smaller scale private landowners, the objectives, guidance, and oversight
regarding management and harvesting activities can be much more varied.

Through a review of statewide harvesting data from 2013-2019, a summary of the type of harvests,
harvest compartment size, and best management practices compliance will be presented. Analysis of
these data will focus on in field inspection identified compliance issues with best management practice
implementation and the relationship with the different landownership types. Eventually, matching key
relationships between these harvesting indicators with different landowner types can be used to inform
the development of future timber harvesting educational material, professional development, and other
outreach activities.
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Abstract: Residual stand damage is the injury caused to trees, which were not prescribed to be
harvested, during forest managerial activities and is commonly a result of machine activities. The
resulting damage from the operation have found to reduce the economic value of future return. The
objective of the study was to evaluate residual stand damage due to timber harvesting operations under
different silvicultural prescriptions. The specific objectives were to estimate the intensity and frequency of
damage types (i.e., cambium, canopy, and root) both at a tree, and stand level. The study site was
industrial timberland located in Grand Falls, Central Maine, USA and was dominated with red spruce
(Picea rubens), and Eastern hemlock (Tsuga canadensis). Two silvicultural prescriptions, crop tree
thinning, and, overstory removal, were implemented on two adjacent stands using a conventional whole
tree operation. Systematic transect sampling method was employed for data collection, with each transect
being 9 m wide. Of the 22 hectares harvested a total of 5 hectares were inventoried (comprised 22% of
the total area) from which information on tree damage type, intensity, frequency, and GPS coordinates
were collected. Two hundred thirty-one trees were found to be damaged. A total of 274 damages were
recorded, as some of the trees had multiple points of damage. The most common damage type was injury
to the cambium (n=185, 37%). Most of the damage, especially the root and cambium damage, was
concentrated around the skid trails for both silvicultural prescription. Additionally, the more intense
harvest prescription resulted in a larger amount of residual stand damage. A woodlot manager or owner
who is planning harvests to improve the future of a stand financially may want to consider how residual
stand damage is going to affect their stand, and how that damage can be minimized.
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Abstract: Worldwide eucalypt plantations exceed 20 million hectares, however, there have been very
few comparative harvest system studies to provide a basis to understand the cost and productivity of
harvest systems used in these plantations. The current study compared four harvest systems producing
eucalypt wood chips on a single site in south-west Western Australia over a period of nine days. Two of
the harvest systems were ‘cool’ systems producing logs at roadside (CTL — cut-to-length method at the
stump, WTM — whole tree method) and two were ‘hot’ systems producing chips at roadside (IFC-DDC —
infield chipping using a debark/ delimb/chipper, IFC-F/C — infield chipping using a separate fail and
chipper). The logs were chipped at a static mill that also received the chips produced infield.

The WTM and IFC-F/C harvest systems were the most productive. The productivity of the CTL and IFC-
DDC harvest systems was about 25% less than that of the other two harvest systems. The infield chipping
systems had the lowest wood production costs. The CTL harvest system had the highest wood production
cost as it had a large number of machines without a correspondingly high productivity level. However,
CTL harvest systems are commonly used world-wide to harvest eucalypt plantations. This highlights that
harvest system costs and productivity are not the only considerations used by harvest contractors and
forest managers to select harvest systems. The CTL harvest system has a number of advantages over the
other systems through retaining evenly distributed logging residues, low machinery impact on the site,
low establishment costs (two machines required for a harvest system), flexibility to add or subtract
machines as conditions change and flexibility to move to sawlog production.

Two limitations of this study were that the harvest systems were only compared at a single mean tree size
and operator performance differences may have influenced harvest system productivity.

247


http://www.tcpdf.org

FORMEC 2019 — Exceeding the Vision: Forest Mechanisation of the Future
6-9 October, 2019 - Sopron, Hungary
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Abstract: A designed study of processor (i.e., feller-buncher, grapple skidder, processor, loader) and conventional
(i.e., feller-buncher, skidder, loader) systems was conducted in Georgia, USA. Four sites were split, and half of each
site harvested by a processor system and the other half by a conventional system. Elemental time studies and work
sampling were conducted to estimate productivity and utilization. Cut-and-load costs averaged $15.08 and $16.30 t*!
on the processor and conventional harvests, respectively (p > 0.10). Harvesting costs on the processor treatments could
be reduced by increasing utilization through more efficient skidding practices. The processor treatment increased
volume and value recovery relative to preharvest estimates, but these differences were not statistically significant (p
> 0.10). This study suggests large landowners and/or sawmills should consider incentivizing logging contractors to
add processors to improve volume and value recovery and increase mill efficiency.

Keywords: U.S. South, value recovery, logging costs

1. Introduction

Whole-tree timber harvesting systems have been used by the vast majority of logging businesses in Georgia and the
U.S. South since the 1980s (Greene et al. 1988, Baker and Greene 2008, Conrad et al. 2018a, Conrad et al. 2018b). A
conventional harvesting system in Georgia and the U.S. South consists of a rubber-tired, drive-to-tree feller-buncher,
1-2 grapple skidders, and 1-2 knuckleboom loaders with pull-through delimbers and slasher saws. Most mills in the
region purchase timber in random tree-lengths based on specified minimum and maximum large- and small-end
diameters and allowable defects (Conrad et al. 2018b). Log-length (i.e., multiples of 4.9 m [16 ft]) timber is also
delivered by loggers in the region, but the majority of the timber is delivered in lengths greater than 7.6 m (25 ft). Cut-
to-length harvesting systems are nearly non-existent (none identified in Georgia in 2017) in the region. Conventional
whole-tree systems rely on ocular estimation of lengths and diameters, limiting bucking precision. The conventional
system is premised on high production and minimizing material handling by felling, skidding, and processing multiple
stems at a time and minimizing bucking cuts.

The conventional whole-tree system is well-adapted to mill demands and harvest site conditions in the U.S. South.
Pine plantations with relatively gentle terrain, soils capable of supporting heavy equipment, and minimal seasonal
operability issues make this harvesting system ideally suited to the region. Pulp recovery improves with longer
pulpwood lengths, and the pulp and paper industry purchases approximately 40-60% of the annual harvest volume in
many southern states (Cooper et al. 2011, Bentley et al. 2014). In addition, the conventional whole-tree system allowed
loggers in the U.S. South to achieve the lowest harvesting costs in the U.S. and competitive costs internationally (Siry
et al. 2006, Gibeault et al. 2015, Mac Donagh et al. 2017).

Because lumber is sold in standard lengths, sawmills must either purchase logs in standard lengths or cut logs to

standard lengths inside the sawmills. Purchasing random tree-length logs necessitates cutting logs to appropriate
lengths inside mills, which generates process residuals that must be marketed or disposed. In addition, the mill must
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pay sawtimber prices for portions of logs that will not be made into lumber. Historically, many sawmills in the U.S.
South were owned by vertically integrated forest products companies that owned both pulp mills and sawmills, which
gave them a market for process residuals and an incentive to purchase tree-length logs. Today, most sawmills are
owned by stand-alone companies that do not own pulp mills, meaning process residuals are not necessarily an asset
and may be a liability.

In order to improve sawmill efficiency and reduce process residuals, some companies are purchasing logs in specific
lengths, hereafter referred to as “prime lengths.” These mills purchase prime lengths in multiples of finished product
dimensions. This change in specifications requires loggers to perform additional bucking cuts and estimate lengths
and diameters more precisely than when producing tree-length logs. Past research suggests conventional systems are
poorly equipped to produce prime lengths. Because conventional systems rely on ocular estimates of length and
diameter, they are ill-equipped to meet the new prime length specifications. In addition, past research suggests
conventional system productivity can be reduced by approximately 50% when producing log lengths shorter than 6.1
m (20 ft) (Cass et al. 2009).

Some loggers in Georgia have added track-mounted, dangle-head processors on the landing of their whole-tree
systems to conduct delimbing, topping, and bucking to produce prime length logs. This system uses a feller-buncher,
1-2 grapple skidders, a processor, and a knuckleboom loader and will be referred to as a processor system here. The
processor system is designed to efficiently produce specific lengths with precise measurement of lengths and
diameters, while retaining the high productivity and low per-unit costs of conventional whole-tree systems.

The shift from tree-lengths produced by conventional systems to prime lengths produced by processor systems has
raised important questions from mills, loggers, and forest landowners. Mills and loggers need to compare harvesting
productivity and cost between conventional and processor systems. Landowners primary concern is that the shift from
tree-length specifications to prime length specifications may reduce the amount of volume that is delivered as
sawtimber, and consequently reduce stumpage revenue.

The purpose of this study was to compare harvesting costs and stumpage value recovery between whole-tree
conventional and processor systems in the state of Georgia, USA. This paper will summarize the principal conclusions
of the study, while additional details are provided elsewhere (e.g., Conrad and Dahlen 2019).

2.Methods

This study was conducted in the Upper Coastal Plain and Piedmont of Georgia, USA. Four harvest sites ranging from
31 to 40 hectares were split, with half of each site harvested by a processor system and the other half by a conventional
system. The processor system employed one feller-buncher, one (Site 1) or two (Sites 2-4) grapple skidders, one
processor, and one knuckleboom loader. The conventional system employed one feller-buncher, one (Sites 1,3, and
4) or two (Site 2) grapple skidders, and one knuckleboom loader. Three logging businesses harvested processor sites
and three logging businesses harvested conventional sites, with the same businesses harvesting sites 1 and 3. Processor
crews produced prime length timber, while conventional crews produced tree-length timber (Table 1).

Time-and-motion studies were conducted on each harvest unit to compare harvesting productivity and costs between
treatments. Elemental time studies were conducted to estimate harvesting productivity for each machine in each
system (Conrad and Dahlen 2019). Hourly costs of owning and operating each machine were estimated using the
machine rate method (Miyata 1980, Brinker et al. 2002, Dodson et al. 2015) and standard assumptions (Table 2). For
each machine, we assumed an off-road diesel price of $0.71 1! (EIA 2018). Each equipment operator was assigned
compensation of $17.75 hr'! (BLS 2018), plus overhead and fringe benefits equivalent to 40% of the hourly wage. We
assumed 2,000 scheduled machine hours per year for all equipment and employees. In addition to hourly machine
costs, we assumed that each harvest unit required $3,500 of roadwork. Initial movement to the site was assumed to
require 5 hours at a distance of 64 km (40 mi). One company truck was assigned to each crew at a cost of $0.339 km"
! ($0.545 mi") with 129 km (80 mi) driven per day. Owner salary of $6,000 per month was assigned to each crew
along with $3,000 per month in overhead. Two saws worth $1,500 apiece were assigned to each crew. No profit was
included in the calculations. Hourly productivity and costs were combined in the Auburn Harvesting Analyzer to
calculate cost per ton (Tufts et al. 1985).
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Preharvest inventory estimates were provided by our industry partner. Georgia average stumpage prices from
TimberMart-South (2018) were used to estimate stumpage revenue. Paired sample t-tests were used to compare tract-
level sample means between the two harvest treatments. Data were analyzed using Microsoft Excel and JMP Pro
13.2.0 (SAS Institute Inc. 2016).

Table 1: Tree-length, prime 4.9 m, and prime 6.1 m specifications used during the study.

Minimum LED,
Category Product SED (cm) Allowable lengths
Pulpwood N/A, 7.6 3.7 m minimum
Tree-length Chip-n-saw N/A, 12.7 5.0 m short-log, otherwise 7.6 m minimum
Sawtimber 35.6,20.3 5.0 m short-log, otherwise 7.6 m minimum
Prime 4.9 m Pullpwood N/A, 7.6 3.7 m minimum
(16 1) Chlp—.n—saw N/A, 12.7 5.0,10.1,13.9, 15.1, 189 m
Sawtimber 35.6,20.3 5.0,10.1,13.9, 15.1, 189 m
Prime 6.1 m Pul.pwood N/A, 7.6 3.7 m minimum
(20 ft) Chip-n-saw N/A, 12.7 3.8,5.0,6.2,10.1,11.3,12.5,15.1, 16.3, 18.7m
Sawtimber 35.7,20.3 3.8,5.0,6.2,10.1,11.3,12.5,15.1,16.3, 18.7m

Table 2: Machine rate assumptions for all harvesting crews.

Machine Feller-buncher Skidder Loader Processor
Purchase price (USD) $260,000 $280,000 $239,000 $500,000
Salvage value (% of purchase price) 25% 20% 20% 20%
Economic life (yr) 5 5 5 5
Interest, Insurance, & taxes (% of average 10% 10% 10% 10%
value invested)

Fuel consumption (1 pmh-!) 24.6 193 14.0 18.9
Maintenance and repair (% of depreciation)  100% 100% 100% 100%
Utilization 65% 60% 65% 65%

PMH: productive machine hour (excluding delays)

3. Results and Discussion

Harvesting costs (onboard truck) averaged $14.96 t! and $16.17 t! on the processor and conventional harvests,
respectively (p > 0.25) (Table 3). Harvesting costs ranged from $13.36 t! to $18.75 t'! on the processor harvests and
$10.93 t! to $21.03 t! on the conventional harvests. Small sample size and high variability meant that differences in
harvesting costs between treatments were not statistically significant.

Processor crews produced approximately 68% more timber per hour and per week compared to the conventional crews
(p = 0.17) (Table 3). The productivity of the conventional crews was typical of harvesting crews in the study area,
while processor crews’ productivity was well above average production of 35-40 loads per week per crew in Georgia
(Conrad et al. 2018b). Processor crews were constrained by skidding capacity on all four sites, but this constraint was
particularly problematic on site 1 where the crew operated only one skidder. The processor utilization was only 35%
on site 1 because of time spent waiting on the skidder. The processor was capable of producing approximately 70
tonnes per productive machine hour, unconstrained by the rest of the system (Table 4). Processor crews produced
more timber per hour than conventional crews because of high productivity from the processor (Table 4) and because
three of the four processor crews employed two skidders, whereas only one of the conventional crews used two
skidders.

Harvesting costs on the processor treatment could have been reduced by improving skidder productivity, especially
on site 1. Processor crews should plan to employ either two skidders or replace an average-sized skidder with a large
model. In addition, each of the processor crews used skidders to conduct initial delimbing with a delimbing gate or by
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driving over the tree tops with the skidder. This strategy may be helpful in a conventional system when loading and
processing is the limiting factor in production, but it is counterproductive in a processor system. The processor is
capable of completing all delimbing without assistance from the skidder. Skidder delimbing increased skidder cycle
time by approximately 1-2 minutes per turn and we estimated this strategy increased harvesting costs on processor
harvests by an average of $2.10 t™!.

The high harvesting cost on the conventional harvest at site 4 was the result of poor harvest planning. On this site, the
logger harvested 14.6 ha with one landing, which resulted in average skidding distance of approximately 370 m. In
contrast, the conventional harvest at site 1 achieved low harvesting costs because skidding distance averaged
approximately 190 m with the result a well-balanced system in which skidder productivity and loading/processing
productivity were similar and harvesting costs were low.

Table 3: Harvesting productivity and cost (USD) by site and treatment for the processor and conventional harvesting
treatments.

Harvesting  System productivity —Loads

Site and treatment Limiting Production Factor

cost ($ t1) (t smh!) wk!
Site 1
Processor $18.75 24.30 35 Skidding
Conventional $10.93 32.48 46 Loading/Processing
Site 2
Processor $13.36 46.43 64 Skidding
Conventional $14.59 32.69 47 Loading/Processing
Site 3
Processor $13.89 48.08 68 Skidding
Conventional $18.11 18.22 26 Skidding
Site 4
Processor $13.86 48.24 70 Skidding
Conventional $21.03 16.18 24 Skidding
Average
Processor $14.96° 41.76* 592 --
Conventional $16.17% 24.89° 352 --

SMH: scheduled machine hour

Table 4: Processor productivity, cost (USD), and utilization by site.

Site Tpmh!  Estimated t smh! Utilization  Cost ($ t'')
1 70 24 35% $4.52
2 67 46 69% $2.95
3 70 48 69% $2.85
4 63 48 77% $2.99

PMH: productive machine hour
SMH: scheduled machine hour

The combined cost of processing and loading was higher on the processor treatment than the conventional treatment
(p = 0.14) (Figure 1). The average difference between the two was $1.76 t™!. This finding was not surprising given the
high initial cost of the processor and productivity levels achieved during the study. The lowest combined processing
and loading cost on the processor treatment occurred on site 2 at $4.55 t™!. In contrast, the lowest combined processing
and loading cost on the conventional treatment occurred on site 2 at $2.71 t™. For the processor system to achieve
combined processing and loading costs of $2.71 t!, the harvesting crew would need to produce approximately 132
loads (3,592 t) per week (Figure 2), which is more than double the production observed in this study (Table 3) and
approximately 10% higher than observed by an experienced operator in another recent study (Daniel et al. 2019).
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Figure 1: Combined processing and loading costs (USD) on the processor and conventional treatments on four sites
in Georgia, USA.

Adding a processor to a whole-tree logging crew raises their break-even production level. Adding the processor could
increase their profitability through increased production, better merchandizing, and earning a higher logging rate.
However, adding a processor leaves crews vulnerable during periods of restrictive quotas. We imposed a 1,224 t wk
!'quota on both systems to evaluate the impact on harvesting costs. The quota increased average harvesting costs on
the processor treatment by $3.42 t". The quota increased harvesting costs on the conventional treatment by just $0.25
t'!. High production is critical to the success of processors crews and likely quota levels must be considered before
purchasing a processor.

The processor crews recovered 18.1% more volume than preharvest inventory estimates and conventional crews
recovered 9.3% more than the preharvest inventory estimates (p > 0.10) (Figure 3). Similarly, the processor crews
recovered an average of $507 ha! more than the preharvest inventory predicted, whereas the conventional crews
recovered $212 ha'! in excess of preharvest estimates (p > 0.10) (Figure 4). Although not statistically significant,
improved volume and value recovery with the processor versus conventional equipment is consistent with past
research (Gingras 1996, Gingras and Soucy 1999, Hamsley et al. 2009).
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Figure 2: Combined processing and loading cost for a processor and loader at production levels ranging from 20 to
150 loads per week (1 load =27.2 t).
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Figure 3: Average difference between preharvest inventory estimates and harvest volume by treatment and product
class. Positive numbers indicate more volume was harvested than predicted by the inventory.
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Figure 4: Average difference in stumpage revenue per hectare between preharvest inventory estimates and actual
harvest by product class and treatment.

4. Conclusion

This study demonstrated that whole-tree harvesting systems using a processor can produce timber at competitive cost
with conventional harvesting systems using a knuckleboom loader, pull-through delimber, and slasher saw. Harvesting
costs were slightly lower on processor harvests in this study, primarily due to poor harvest planning and system balance
on several conventional harvests. Combined processing and loading costs were higher on the processor harvests
(Figure 1) and productivity would need to increase substantially for processing and loading to equal that of the most
efficient conventional crews (Figure 2). In addition, because of high capital investment, restrictive quotas are much
more problematic for processor crews compared to conventional crews. Therefore, loggers adopting processors will
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likely require a modest logging rate premium and quotas allowing them to produce approximately 100 loads of timber
per week.

Volume and value recovery were higher on processor harvests than conventional harvests, but these differences
were not statistically significant due to small sample size. Improved volume and value recovery with processors is
consistent with past research (Gingras 1996, Gingras and Soucy 1999, Hamsley et al. 2009). Given that harvesting
costs were comparable between the processor and conventional systems, even though the processor systems was
producing prime lengths, suggests incentivizing loggers to invest in these machines may be advantageous for both
landowners and mills to increase volume and value recovery. Conventional systems rely on ocular estimates of
length and diameter; consequently, precision of these measurements is limited. If mills wish to purchase prime
lengths and require close adherence to mill specifications, adding processors to southern whole-tree systems can
enable loggers to achieve high volume and value recovery while maintaining high productivity and low cost per
tonne. Loggers, however, are unlikely to invest in processors unless they receive a logging rate premium,
preferential quota, and/or specifications are strictly enforced at receiving mills.
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Abstract: Two alternatives for whole tree system biomass harvesting from strong thinnings on dense
coppices of the two most important Quercus Species in Spain have been tried. Chainsaw felling and manual
piling is compared with a previous study on a heavy drive-to-tree feller-buncher. Productivity predictive
equations for felling and bunching are fitted for both Species, being the main explanative variables, for the
motor-manual option, the Species and the unit dry weight per tree. The unit cost derived equations show that
the felling-bunching costs are lower for the motor-manual option in both Species stands, particularly for the
smaller DBHs. Nevertheless, when the strongly reduced loading times in forwarding associated to the
mechanization is had into account, the unit cost for the felling, forwarding and loading operations is lower
for the mechanized option for Q. ilex only for DBHs greater than 9 cm, while for Q. pyrenaica is lower only
for DBHs greater than 14 cm. Also standing trees damages were studied, being low to moderate, but always
significantly greater for the mechanized systems, while soil damages were very low for both options. The
stumps suffered significantly greater damages in the mechanized felling and bunching, but further research
will be needed to determine if these damages are relevant for the future sprouting capability and sprouts
vigor. The greater productivity and tree damages’ level in Q.ilex when compared to Q. pyrenaica are
discussed, being likely due to the narrower and lighter crown of the latter.

Keywords: Thinnings, Forest operations, Work study, Soil and stand damages, Feller-buncher, Motor-
manual

1. Introduction

Coppice harvesting has been abandoned in most European Countries after WWII, because of the social and
economic changes which reduced the profitability of coppicing traditional practices (Carvalho et al., 2017).
The abandonment has led to a relevant underutilization of many natural resources, besides a loss in the
biodiversity associated to those traditional practices (Miillerovd et al., 2015). Coppice forest aging and
densification has increased the vulnerability to natural disasters such as windthrown and wildfires. Coppice
thinning would reduce wildfire suppression costs, especially if whole-tree harvesting (WTH) is adopted,
because complete biomass removal reduces potential fire severity compared with other harvesting methods
that leave large amounts of slash within the stand (Corona et al., 2015).

In Spain, coppice forests cover roughly 4 M ha and represent 20% of the total forest area, Holm oak
(Quercus ilex) and Melojo oak (Q. pyrenaica) are the dominant forest species in Spanish coppice forests
(Piqué & Vericat in Nicolescu et al., 2017).

Harvesting of coppice forests is technically and economically difficult, due to the difficulty encountered by a
harvester head when approaching stems that are gathered in a clump on the same stump (Schweier et al.,
2015).

In 2017, the Spanish forest company SOMACYL began the field trial of a drive-to-tree disc saw feller-
buncher for use in coppice harvesting, which provided an ideal opportunity for conducting time and motion
studies for evaluating operational productivity, cost, product recovery and site damage. The results were
presented in Tolosana et al. (2018).
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Further on, the same enterprise thinned in the same way the very same coppices, also using the WTH system,
but the felling and bunching operations were performed motormanually. This allowed comparing the tried
mechanized system with the more traditional motor-manual treatment.

Thus, the main goals of the present phase of the study have been:

- Developing productivity predictive equations for motormanual felling and bunching and both species
coppices, using them to model the operational unit cost of the treatment and to compare with the mechanized
one.

- Assessing the environmental impacts of the motor-manual option on the soil, the remaining trees and the
stumps, comparing it to the previously analyzed mechanized system.

- Estimating the biomass collection efficiency (percentage of available biomass actually collected).

2. Material and methods

The tried mechanized feller-buncher was a John Deere 643] (130 kW, 12.7 t), equipped with a JD FD45
head, working in a drive-to-tree way, as the head was attached to the base machine, not in a boom tip. The
motor manual team was composed by three workers using medium-sized chainsaws, two out of them
performed felling and bunching tasks while the other one only bunched the felled whole trees. The machine
forwarding the trees in both cases was a John Deere 1910E (186 kW, 19 t loading capacity), attached to a
compressor trailer Dutch Dragon PC-48.

Both the feller buncher and the motormanual team worked in paired 25x25 m® plots considered as
replications in order to ease the comparison, in each of the two studied coppice forests, dominated
respectively by Quercus ilex L. and Quercus pyrenaica Willd. Both forests were inventoried before and after
harvesting using conventional forest mensuration techniques and tools.

2.1. Pre-harvest and post-harvest inventories

For the pre-harvest inventory, 17 pairs of 25x25 m” square plots were ramdomly allocated, 9 of the pairs in
the Q. illex coppice and the remaining 8 pairs in the Q. pyrenaica forest. DBHs of every tree were measured.
Measured trees and plots borders were marked.

In the post-harvest inventory, DBHs of every remaining tree inside each plot were measured. To estimate the
dry weight of the felled trees, a weight table was fitted in the previous study using around 30 trees per specie
and sampling them for assessing moisture content, accordingly to the ISO 18134-3:2015 standard.

2.2. Time study and produced biomass evaluation.

For the motor-manual time study, a time-sampling method was adopted, as long as three workers were time-
studied simultaneously. To assess the biomass extracted from each plot, the forwarder piled the whole trees
coming from each one of them in a different bunch at the roadside. These piles were chipped, transported and
weighed separately, sampling them for determining moisture content.

To fit the productivity equation, a multiple linear regression analysis was performed, using the data from 14
out of the 17 studied plots (one was felled before the work study, other two were rejected because of the out-
of-range studentized residuals). The independent tried variables were Specie, dry weight per tree (initial
stand), dry weight per extracted tree, removals — dry weight per ha -, initial number of trees per ha, extracted
number of trees per ha, extracted basal area and percentage of extracted basal area.During the forwarding,
one whole shift was studied for each work system, measuring the number of trips and piles in order to get an
estimate of average extraction productivity.

In order to assess the unit costs, machine hiring costs and workers actual hourly costs were provided by the
enterprise (SOMACYL, 2018).
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2.3. Damages assessment.

To assess the damages on the soil, stumps and remaining trees, a damages inventory was performed after
forwarding. The damages on the remaining trees were characterized inside each of the 25x25 m” plots,
following the methodology proposed by Tavankar et al. (2013). Soil damages were measured using the Mc
Mahon (1995) methodology, applied in sub-plots with 4 m radius whose centers was located in the crossing
points of the square plots diagonals. The stumps inside those subplots were also counted, measuring their
heights and assessing their damage levels.

2.4. Measurement of biomass collection efficiency.

Inside the above-mentioned sub-plots, the biomass left on the terrain was collected and weighed, taking two
samples for moisture content estimation.

3. Results

3.1. Coppice inventory and treatment description

The Quercus ilex coppice had an initial density of 5,310 tress-ha”', an aaverage DBH of 5.9 cm, average
height 4.1 m, and basal area 14.3 m*ha™'. The average number of stools per ha was 886, and the average
number of sprouts per stool was 6.0. The treatment consisted on the extraction of a 90% of the tres number
and a 70% of the basal area, leaving 545 remaining trees per ha.

The Quercus pyrenaica coppice had initially 3,868 trees-ha™', average DBH = 6.7 cm, average height close to
6.0 m, basal area 13.6 m>-ha™'. The number of stools-ha"' was 1,004, with an average number of sprouts per
stool of 2.8. There were also 2,564 isolated oaks-ha™'. The treatment led to the extraction of a 81,5% of these
trees and a 45% of the initial basal area, leaving 716 trees-ha™’.

The removal ranged between 18 and 59 odt-ha™ in the Q. Ilex coppice (averaging 40 odt-ha™) and between 6
and 38 odt-ha™' (averaging 21 odt-ha™") for Q. pyrenaica.

3.2. Time study

In the Q.ilex coppice, the productivity of motor-manual felling and bunching ranged, for the three workers
team, between 2.54 y 3.51 odt-ProdHour™'. Delays were practically zero, as no incident ocurred during the
study. Average Productivity inside the studied plots was 2.85 odt- ProdHour ™.

In the Q. pyrenaica forest, the values ranged between 0.89 and 3.16 odt- ProdHour™'. Delays or incidents were
also not relevant, so average productivity reached 2.18 odt-ProdHour ™.

3.3. Productivity equation for motor-manual felling and bunching

The explanative significant variables were specie (as a dummy variable, with Q. pyrenaica as null and Q. ilex
as dummy) and the dry weight per tree — estimated average value for the initial stand, before thinning. The
fitted equation and its regression statistics are shown in Table 1. Using the average values of productivity and
the average removal per ha, the required time per ha in the studied conditions was 14.0 productive hours
(16.5 whE0)-ha™ for Q. ilex coppice and 9.6 productive hours (11.3 whE0)-ha™ for Q. pyrenaica.

3.4. Unit cost estimation.
Hourly cost for the workers team (21 €-WorkHour™' per worker, 63 for the team, including chainsaws) was
provided by SOMACYL (2018), as well as the renting costs of the machines, in hourly basis in the forwarder

case (€-WorkHour™) or in fresh tonne basis for chipping and chip transport (€-fresh tonne™). Transportation
distance, as for the mechanized case, was supposed to be 80 km, one way).
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Unit costs and incomes estimations were based in the chips measured average moisture content of 15.3 and
34.5%, respectively, for Q.ilex and Q.pyrenaica (humid basis) and the utilization coefficient for workers
equal to 85%. The loss of loading time in forwarding — due to the longer loading time because the manual
bunching was less efficient than mechanized — has been taken into account. Cost calculation results are
shown in Table 2.

Multiple regression - Prod dw-hProd-1
Dependent variable: Prod dw-hProd-1 (ODT-Prodh-1)
Independent variables:
Qilex (1 if Species = Quercus ilex, 0 if Species = Q. pyrenaica)
DW-Tree™' (average ODkg: Tree-1 before thinning)
Observations number: 14

Parameter Estimation Standard error |T-Statistic P-Value
Constant 0,945 0,399 2,37 0,0372
Qilex 0,867 0,205 4,23 0,0014
DW-Tree-1 0,082 0,024 3,45 0,0055

R-square = 67.2 %

R-square (adjusted by d.f.) =61.2 %
Standard est. error = 0.36

Medium Absolute Error = 0.24
Durbin-Watson Statistic = 2.32 (P=0.60)

Fitted regression equation is:

Prod dw-hProd™', ODT = 0,945 + 0.867-Qilex (0/1) + 0,082.DW.-Tree" (ODkg) (1)
Table 1: Fitted productivity regression curve

Total direct cost in destination was 66 €-ODT™ for Q. ilex chips and 82 €-ODT" for Q. pyrenaica chips. If
these figures are increased in a 15% to cover fixed, indirect and structural costs, unit cost would grow up to
76 €-ODT™" and 94 €-ODT", respectively. The cost for Q. ilex is slightly lower than that corresponding to the
estimated for the mechanized option in former studies; this is partially due to its chips’ observed moisture,
quite low. This fact reduced the transport and chipping costs, paid on a fresh tonne basis. For Q. pyrenaica,
the motor-manual cost is lower than for the mechanized option.

Operation/s Hourly cost team / | Hourly cost | Average Productivity (ODT | Unit cost | Unit cost (€-ODT?)

machine team / | -ProdH?) -renting

(€' WorkH™?) machine (€-fresh

(€-ProdH?) Quercus Q. pyrenaica tonne™) Q. ilex Q. pyrenaica
ilex

Felling/bunching 63.0 74.1 2.85 2.18 - 26.00 33.99
Extraction w/ | 71.5 79.4 4.28 4.02 - 18.56 19.77
Forwarder
Chipping - - 11.0 12.99 16.79
Chip  transport
(dist = 80 km) 7.46 8.81 11.39
Total (Unit direct
cost) 66.36 | 81.94
+15% Fixed and
structural costs - --- --- - --—- 76.31 94.23

Table 2: Operational costs and total unit costs for motor-manual operations

Regarding the influence of the explanative variables on this cost, the productivity equation (1) can be
transformed using the team hourly cost combined with the equation (1), as:

Unit cost (€:ODT™) = 63.0-[0.945 + 0.082: DW-Tree™, kg + 0.867-Qilex(1/0)]"  (2)
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The total operational cost — without an stumpage price for biomass nor benefits for the contractor — in the
average observed conditions for both coppices can be transformed in a cost per hectare, having into
account the average removals (40 ODT-ha™' for the Q. ilex coppice and 21 ODT-ha™ for the Q. pyrenaica
one). The result would be 3,052 €-ha™ for Q.ilex and 1,979 €-ha™ for Q. pyrenaica.

Present prices (end of 2018) for a fresh tonne of whole tree chips with moisture contents of 15.3% and
34.5%, as in the studied coppices, are 63 and 46 €, corresponding to equivalent process for ODT of 74
and 70 €, respectively (SOMACYL, 2018). In these conditions, the net operational value would be -92.0
€-ha for Q. ilex and -509 €-ha' for Q. pyrenaica — without considering stumpage price nor benefits —.
The situation would be closer to a self-financing operation in the first case, partly for having produced
much drier chips.

3.5. Environmental impacts.

The frequency and relevance of the damages on the remaining trees are reflected in Table 2, separately
for both studied Species. The different letters (a and b) for each specie indicate 95% statistically
significant differences. The results show higher damages frequency for Q.ilex, particularly those affecting
the wood and those produced by chainsaw. It is possibly due to the higher stand density and smaller size
of Q. ilex trees, which have also less bark width than Q. pyrenaica.

Nevertheless, injures are mostly small or medium-sized (surface smaller than 200 cm?), particularly in Q.
ilex. The only cause of injures in the Q. pyrenaica coppice is the forwarder movements, while in the
Q.ilex coppice a 25% of the damages are felling injures caused by the chainsaws — possibly this is the
reason why more damages affect wood.

DAMAGES IN REMAINING TREES (% DAMAGED TREES OVER TOTAL NUMBER)

Type Qi Qp Locatio Qi Qp Height Qi Qp Size Qi Qp Cause Qi Qp
n
Bark 4.0 6.2 Stem 10.6 9.5 Low 2.0 0.0 Small 12.1 5.9 Machine 75.0 100.0
a a a a (0-0.3 m) A a (<50 cmz) a b movement a b
Wood 5.2 0.3
a b
Broken 4.8 4.5 Crown 3.6 1.5 Medium 4.4 33 Medium- 1.6 2.1 Cutting 25.0 0.0
branches a a a a (0.3-1.0 m) A a sized (50- a a injure a B
200 cm?)
Destroyed 0.0 0.0
crown a a
Total 141 11.0 Roots 0.0 0.0 High 7.3 7.7 Large 0.4 3.0 Others 0.0 0.0
a a a a (>1.0m) a a (>200 cmz) a b a a
Severe 5.2 3.9
a a

Table 3: Damages on remaining trees from motor-manual coppice harvesting by species.

SOIL DAMAGES, PERCENTAGE OF TOTAL SURFACE

SPECIE No damage | Litter still in place, | Litter removed, | Litter and topsoil mixed,

evidence slight alteration topsoil exposed ruts deeper than 5 cm
Quercus ilex 0.0 15.7 0.0 0.0
Quercus pyrenaica 0.0 6.4 0.0 0.0

STUMP HEIGHT, %

OF STUMPS STUMP STATUS, % OF STUMPS NUMBER
NUMBER

<10 | 10-20 | >20 No <50% >50% Cracked | Destroyed

SPECIE cm | cm cm damage bark bark stump stump
separated | separated

Quercus ilex 45.6 | 50.6 3.8 58.7 26.0 6.8 3.4 5.1
Quercus pyrenaica | 289 | 59.8 11.3 71.1 17.5 3.1 52 3.1

Table 4: Soil and stumps damages after motor manual harvesting by species.
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The percentage of severe damages in similar for both species, close to 5%, but while for Q. ilex they are
due to small chainsaw cuts affecting the wood, in the Q. pyrenaica case there are a significantly greater
proportion of large damages (surface bigger than 200 cm®).

The observed damages on soil and stumps are summarized in Table 4. Soil damage was not severe — the
damages were characterized as slight alterations, with present litter layer, in most cases they consisted on
swallow rutting lees deep than 5 cm. In the Q. pyrenaica coppice the affected Surface was 6.4%,while in
the Q. ilex coppice it reached a 16% as an average, probably due to the forwarder transit.

Most stumps were not damaged or with slight bark damages. In none of the species, the percentage of
cracked or destroyed stumps reached 10%.

3.6. Efficency in biomass collection.

The actual harvested biomass (dry chips weight) ranged between the 82.9 and 99.8% of the theoretical weight
estimated through the weigh tables applied on the inventory results, respectively for Q. ilex and Q. pyrenaica.
The remaining biomass left on the terrain, including the removed shrub, reached as an average 3.7 ODT-ha™'
for Q. ilex and 2.1 ODT-ha™' for Q. pyrenaica.

3.7. Comparison with the mechanized option.
3.7.1. Felling-bunching costs

As the differences in moisture among the different studied operation affect the global costs, in this chapter
only the unit cost depending on felling and bunching means are going to be analyzed.

These operations are felling and bunching and extraction by forwarder, the last case affected in its cost by the
more efficient bunching in the mechanized case. Regarding felling and bunching, unit cost equations as a
function of Species and unit dry weight for the motor-manual option have been fitted in the present study (2).
For the mechanized option, similar equations were developed as a function of Species, unit dry weight and
percentage of extracted basal area (Tolosana er al., 2018). Focusing on the common factor, tree size, the
mechanized unit cost equation will be applied using the observed values for the average extracted basal areas,
70% in the Q. ilex case and 45% for Q. pyrenaica.

Trying to use an explanative factor simpler and easier to measure than unit dry weight per tree, the weight
tables developed as a function of DBHs for Tolosana et al. (2018, Op. Cit.) will be used to substitute the
initial explanative variable.

Besides, the increment of unit costs for forwarding in the motor-manual operation reached 7.2 €-ODT" for
Q. ilex and 8.4 €-ODT" for Q. pyrenaica. These costs will be added to the direct costs of felling and
bunching in the motor-manual case to compare both options having into account these overcosts.

The result of the cost comparison for each species is shown in Figures 1 and 2.

In the Q. ilex case (Fig. 1), felling and bunching — having into account their influence in forwarding cost — is
less costly for the mechanized option for DBHs greater than 9 cm, particularly for the larger DBHs (although
the difference is small). In fact, in the studied case and for the average value of DBH, the unit cost for the
feller-buncher is 31.5 €-ODT!, while for the motor-manual option is less (26.0 €~ODT’1), but if the
additional forwarding cost (7.2 €-ODT™), is added, the result is a unit cost slightly greater, 33.2 €-ODT"".

In the Q. pyrenaica coppice (Fig. 2), the mechanized option is more expensive, particularly for small DBHs
such as the observed ones. The DBH equaling motor-manual and mechanized costs is around 14 cm, for
greater values the mechanized option would be slightly preferable, having into account the extra forwarding
cost of 8.4 €-ODT"". These values of DBH are unusual in this kind of dense coppices.
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For the average conditions in the Q. pyrenaica studied coppice, the mechanized option would have an
average felling and bunching unit cost of 69.0 €-ODT", clearly more expensive than the motor-manual
option (direct cost 34.0 €-ODT"', added to the 8.4 €-:ODT"' forwarding extra cost, would be 42.4 €-ODT").

Felling & bunching direct unit cost in Q. ilex coppices (plus extracost of
forwarding for the motormanual option)
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Figure 1: Unit costs of felling and bunching for Q.ilex coppice thinning
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Figure 2: Unit cost of felling & bunching for Q. pyrenaica coppice thinning.

3.7.2. Treatment quality and environmental effects.

Treatment conditions regarding thinning intensity and selectivity has been quite similar in the plots
mechanized with feller-buncher if compared to the felled and bunched motor-manually.

The percentage of damaged remaining trees for Q. ilex increases from 14 to 54% comparing the motor-
manual system with the mechanized one. Focusing in the percentage of severe damages — affecting the wood

or having a size bigger than 200 cm” -, also grows in average — from 5.2% to 10.0% - although the difference
is not statistically significant.

For Q. pyrenaica, the damages percentage also grows significantly, from 11.0 to 22.4%. The high percentage
of damaged trees during the mechanized harvesting of the Q. ilex coppice if compared to the Q.pyrenaica
forest is due to the bulkier crowns and thicker branches of the first species and, as secondary reasons, to its
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higher stand density and thinner bark. Regarding the severe damages percentage, in Q.pyrenaica it increases
with mechanization from 3.9 to 10.3%, being the difference statistically significant.

Soil damages have been not relevant in both treatments, mechanized and motor-manual, probably because of
the plain terrain and the sandy soils, dry during the harvesting operations.

The stumps have been strongly damaged in the case of mechanized harvesting, and in much less degree in the
motor-manual case. Anyway, the future relevance of such damages is not clearly stated by literature.

4. Discussion and conclusions

The tree size (DBH, unit volume or weight), as in the present case, is a common explanative variable in most
of the productivity studies about felling and bunching (Spinelli et al., 2007; Schweier et al., 2015; Erber et
al., 2016; Chakroun et al., 2016: Spinelli ef al., 2016). On the contrary, the extracted volume, weight or basal
area has not been significant as independent variables, in spite that they usually work in this kind of studies
(Spinelli et al., 2016). Probably the range of variation in the studied coppices has not been wide enough.

The influence of the species, making more productive the operations on the Q. ilex coppices, comes from the
fact that, for equal DBHs, the crown of this specie is bulkier and its branches are thicker than those of Q.
pyrenaica. Because of that, the Q.ilex trees are heavier for the same DBH than the Q. pyrenaica ones.

As exposed above, the coppice harvesting operations were not self-financing, but they are close to the
balance in the case of Q. ilex. Using the studied technologies, reaching profitability would require applying
them to coppices with bigger trees — not available in most cases, except very aged coppices. In addition,
reducing costs — managing the machinery instead of renting it — and procuring a better drying of the produced
whole trees and thus chips, may improve the economic balance.

The balance point of unit cost between the motor-manual and the fully mechanized harvesting for Q.
pyrenaica, around a 14 cm DBH, is consistent with former studies comparing motor-manual felling and
processing to conventional forest harvesters (Tolosana et al., 2017)

The damages in the remaining trees are much less frequent than in the fully mechanized treatment, and so are
the severe damages, on the contrary as the thinning experiences studied by Magagnotti et al. (2012) and
Spinelli et al., (2014). The most probably reason of this high damage level is the “drive-to-tree” work pattern
of the studied feller-buncher (Tolosana et al., 2002). It could be strongly reduced using a lighter “swing to
tree” feller-buncher (Tolosana et al., 2018).

The same occurs with the damages on the stumps, which has been found to be high in other studies about
coppice mechanized harvesting (Schweier et al., 2015), although the future relevance for the vigor and
growth of the regeneration has not been found to be clear (Aminti et al., 2017).

The main conclusions of the present work are the following:

- Strong thinnings in Quercus coppices, using the WTH system have been time-studied, comparing the
motor-manual felling and bunching with a previous study using a heavy “drive to tree” feller buncher.

- Predictive productivity equations for motor-manual felling and bunching were fitted, The main explanative
factors were the specie — been more productive Q. ilex than Q. pyrenaica — and the average weight of the
trees from the initial stand.

- The economic balance of the studied operations have not reached the profitability, although has been close
to it in the case of Q. ilex coppices, particularly using the fully mechanized system. Main measures to
increase the operational profitability could be the self-managing of the machinery (instead of renting it), the
optimized management of biomass moisture and the minimization of transport distances.
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- Mechanized felling and bunching has a higher cost than the motor-manual equivalent operations.
Nonetheless, the mechanized bunching allows reducing significantly the whole trees forwarding cost,
compensating the felling-bunching difference in the Q. ilex case for DBHs greater than 9 cm, in this cases the
combined harvesting operations are slightly less costly for the mechanized option - more when DBH is
greater. For Q. pyrenaica, the operational cost is only less for the mechanized option for DBHs greater than
14 cm, having the mechanized operations very high costs for the smaller diameters of the studied range.

- Although the silvicultural results of the treatments have been similar and adequate to the management
prescriptions regardless of the mechanization level, the remaining stand and stumps damages has been
significantly more frequent for the mechanized option. This has been particularly true in the Q. ilex trees,
which have bulkier crowns with thicker branches. Nevertheless, the severe damages — affecting wood or
bigger than 200 cm” — have been limited to less than 10% of the remaining trees in all the studied cases and
will not be much relevant considering the destination of the harvesting — chips for energy or firewood.

- The stump damages were more severe in the mechanized harvesting case, and even if the negative effect of
stump damage on stump sprouting and shoot growth is not ascertained, it would be safer to follow-up the
regeneration on the study sites.

In any case, the convenience of forest operations mechanization is undeniable, both because of the bigger and
continuous production capacity of the machines and of the reduction of work safety risks. Nevertheless, more
applied research is needed in order to adapt the adequate machinery and to define the optimized work system
for coppice harvesting, despite their difficult conditions if compared to other stand types.
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Abstract: Forest stands heterogeneity and the distributed environment of Quebec forest supply chain make
it more difficult to implement effective collaborative planning. To address this issue, which exists in other
forest regions around the world, we explored the potential benefits of systems integration for the forest
sector. The literature pertaining to this organizational and management concept of supply chains shows
significant benefits for other manufacturing sectors, e.g. automobile and aerospace industry. However,
there is little evidence in the literature of the contributions of systems integration to the particular context
of forest supply chains. To achieve this, we conducted a multiple case study using a qualitative research
method. Five case studies were selected based among other things on the level of systems integration and
collaboration. From our results, we first observed that a systems integrator third party helps to make the
wood supply planning process more efficient when there is a good fit between the level of complexity in the
coordination context and the observed level of systems integration. We then found that a systems integrator
third party helps to ensure and maintain a collaborative culture and build trust in the collaborative
planning exercise being studied. Finally, a systems integrator third party allows forest supply chains under
study to improve the management of information sharing by enhancing interoperability between ministry
and industry organizations.

Keywords: Collaborative planning, forest planning, systems integration, supply chain collaboration, forest
supply chain, case study, wood supply.

1  Introduction and problematic

The supply context for wood processing plants in Northeastern Canada is characterized by extensive
management of "large natural forests". These forests are heterogeneous, that is to say that they are composed
of different species, having different sizes and which are distributed unevenly over the territory. This feature
results in the presence of several marketable products in the same harvesting areas. For the various wood
processing plants operating in a given territory, the desired raw material can thus be found in the same
harvesting areas. And since these different plants that share the same supply area do not usually have the
same needs at the same time, they must coordinate their operations.

A dual challenge of collaborative planning characterizes this context. On the one hand, the different plants
have to work together to produce a common forest management plan. Disagreements may occur during this
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exercise. For example, since the timber license, or supply guarantees in today’s jargon, granted by the
Ministry of Forests, Wildlife and Parks (MFFP) do not specify the level of quality of the wood material
allocated, the factories will inevitably be looking for the better woody material. The direct impact of a low-
quality woody material on supply costs and on the performance of processing explains in part these
behaviors (Beaudoin et al., 2010). The distribution of the sectors of intervention among the group of
beneficiaries of guarantees of supply (BGS) is difficult in such a setting since it requires compromises from
each one of them in order to meet the global constraints of the group.

The second aspect of this dual planning challenge is inter-organizational collaborative work. The MFFP is
responsible for strategic and tactical forest planning (long term and medium term). The BGSs collaborate
on the tactical portion and are responsible for operational (annual) forest planning (supply). A great deal of
information needs to flow between ministerial and industry organizations to produce planning that meets
both the economic constraints of markets and good operation management practices as well as
environmental and social constraints. The physical distance between these planners and the organizational
boundary make it more difficult to share information.

To meet these challenges, Azouzi et al. (2012) and LeBel et al. (2019) proposed the concept of Supplier-
Integrator (SI). Based in part on the systems integration literature (Pavitt 2003, Hobday et al., 2005, Davies
et al., 2007, Davies and Mackenzie 2014), the SI acts as an intermediary between the government and the
wood processing plants. These authors define SI as an entity involved in forest planning by MFFP planners
and industry planners. In particular, it works to integrate supply needs for a group of wood processing plants
and collaborates with the MFFP in forest planning through the various planning levels. These tasks
constitute the integration component of its service offering. According to the work of Azouzi et al. (2012),
SI is also involved in harvest and transportation management. It maintains relationships with a network of
harvesting and transportation companies to harvest the designated areas of intervention and transport timber
to the mills. It is able to provide wood to his customers. The Supplier-Integrator has expertise in forest
planning, but also in operations, logistics, and optimization. Its position at the "center" of the forest sector
supply chain allows it to propose scenarios of optimized management plans (Figure 1). The Supplier-
Integrator is described as a prime contractor in forest management and forestry operations.

Sustainable forest Government ‘ Markets
management
strategy

! Land users ‘
i

Distribution networks

e Ta?gﬁ Plans Integrator - Supplier
P h reconciliation Execution ol
Operational & integration

lan
P Optimization Coordination Monitoring
T AT

Harvest orders,
Syvicultural contracts, ggg,%ss

Road construction orders, I
\é Inventories data,...etc. & Services,

Regional plan for
public land and resource
integrated development

Regional land and
resource commission External experts

& consultants

..efc

I-S network of suppliers

Internal resources;

Independent workers; Transport companies;
Forestry cooperatives; General entrepreneurs;
Logistical services providers; ...efc.

Management Unit 7 4

o

Figure 1. Generic representation of the Sl (LeBel et al., 2018). The various relationships managed by the Sl are
highlighted (TL: timber license).
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The SI concept, however, has not been the subject of a formal field study. More specifically, Azouzi et al.
(2012) and Lebel et al. (2019) did not observe in situ organizations that could be related to the concept put
forward. The benefits of system integration remain unclear for the public-private multi-factor environment
of forest supply chains.

In the context of this conference article, we present a summary of Frangois Morin’s thesis work (Morin
2019). Morin’s main objective was to study existing system integration initiatives that would help to
evaluate the benefits of the SI concept. More specifically, the objective of the thesis was to understand how
a systems integrator involved as a third party is able to support the performance of wood supply planning.
The result section of this article presents a summary of three specific objectives:

1. Outline the role of a system integrator-type third party in the collaborative supply planning
exercise and assess its impact on the performance of forest planning.

2. Explain and theorize the interactions between a systems integrator and other organizations of a
supply chain in the exercise of operational forest planning with a specific focus on the sociological
factors that influence collaboration.

3. Describe and understand the role of a systems integrator in managing the information sharing
required for collaborative forest planning.

A brief presentation of the methodology will first be presented. Next, in section 3, results pertaining to each
of the three objectives are summarized. The conclusion highlights the opportunities and challenge offered
by the SI model in forestry.

2 Methods

To achieve our research objectives, we used a qualitative research method. Specifically, we designed a
multiple case study experiment. Yin (2014) explains that case studies provide a detailed and in-depth
understanding of the phenomenon under study in its real context. Using this research strategy, we were able
to have direct access to forest planners who work in different organizations and participate in the
collaborative forest planning exercise. It should also be noted that we followed a deductive approach.
Contrary to an inductive approach, regularly used in qualitative research, elements of the literature have
been used systematically to prepare data collection as well as for conducting data analysis.

To begin, we defined the boundaries of the case study (also called the unit of analysis). These are the
organizations involved in forest planning: the MFFP, the BGSs, and a system integrator where appropriate.
Subsequently, concerning the selection of case studies (sampling), we carried out a comparative and
theoretical sampling (Patton, 2015). We therefore established sampling criteria from our review of the
literature in order to compare the case studies. These criteria were formulated based on the literature
associated with system integration and the Supplier-Integrator concept as well as the literature on
collaboration in supply chains. In addition, it must be added that our unit of analysis implies an intrinsic
territorial component. Indeed, the exercise of forest planning is linked to its specific territorial context. We
therefore added a "territorial" criterion to our comparative and theoretical criteria: the regional variability
of Quebec’s forests.

The result of the sampling process led to the selection of four forest regions in Quebec and one in Ontario.
We took the opportunity to observe a third party involved in forest planning in the province of Ontario. The
observations made there were a good complement to those made in Quebec since the system integrator
observed in Ontario is fully involved in forest planning, compared to what we saw in Quebec. Of the five
case studies, three have a system integrator who participates in forest planning. Forest planners in the other
two case studies carry out planning using the coordination mechanisms provided by the forest regime. Table
1 presents a summary of the different cases. The five selected case studies are associated with a Roman
numbering from I to V for the sake of confidentiality. With these five case studies, we considered that we
had the necessary information to reach the set objective. Indeed, we judge to have reached theoretical
saturation (Glaser and Strauss, 1967). This saturation state means that adding more information no longer
helps to refine the analyzes.
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Table 1. Summary of the five case studies resulting from the sampling process.

Characteristics Casel | Casell | Caselll | Case IV Ci']se
A System integrator is Yes Yes Yes No No
present
. Far Far
Location North South North North North
Number of BGS 4 10 11 4 11

As regards data collection, let us first specify that in order to ensure the validity of our theoretical constructs
(Yin, 2014, Gibbert et al., 2008), we have sought to obtain different sources of qualitative data. It is thus
possible to triangulate the perspectives so as to adequately reflect the reality studied. In other words, we
observed the same phenomenon with different types of qualitative data in order to make comparisons and
overlaps across different perspectives. The interview is our main method of data collection. We conducted
individual and group interviews. Regarding the individual interviews, we did 27 interviews and they lasted
an average of 1 hour and 45 minutes. These interviews were recorded and transcribed. Group meetings
were conducted after the completion of the individual interview analyzes. These meetings were designed
to more directly assess the performance of operational forest planning, validate our understanding of the
information collected during individual interviews, and gather some information deemed missing. To
complete, we also conducted documentary analysis and non-participant observation when possible.

We also applied "explanation building" (Yin, 2014). This analysis technique is described as comparative
and iterative. It is, on the one hand, comparative because it aims at comparing the different perspectives of
the actors within the case studies as well as those of the case studies between them. It also aims to compare
the explanations produced by the researchers with the theory. On the other hand, it is iterative because the
process of analysis is done by iteration; the explanations given must be compared between the different
sources of qualitative data, between the different levels of aggregation of the data as well as with the theory.
This iterative process continues until the researchers obtain a satisfactory explanation of the phenomenon
under study.

Concerning data aggregation and comparisons with theoretical models, we developed grids that guided our
analyzes. These analysis grids consist of explanatory factors derived from the theoretical frameworks.
These frameworks were identified during our review of the literature. During our analyzes, we aggregated
(or coded) portions of the data that matched each theoretical factor. We then performed comparisons of
different data sources and perspectives (inter- and intra-case) for each theoretical factor to produce
explanations related to our three research objectives. The first grid we have developed is derived from the
concept of Supplier-Integrator. It allowed us to describe the different systems integration initiatives. The
second analysis grid developed was designed to assess the performance of forest planning. We used the
matrix proposed by De Snoo et al. (2011). The value of this matrix lies notably in the consideration of the
influence of the level of uncertainty in the planning context. Considering the high level of uncertainty
associated with the forestry sector, this attention is appropriate. The third analysis grid is adapted from the
conceptual framework of Cao and Zhang (2013) (Figure 2). This conceptual framework relates factors that
describe and characterize collaboration in supply chains. The relationships between these factors also
explain how it is possible to achieve the benefits of collaboration suggested in the literature. The conceptual
framework of Cao and Zhang (2013) combines the organizational and informational perspective. The grid
developed from this framework allowed us to answer the research questions associated with objectives 2
and 3.
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Figure 2. Conceptual Framework of Cao and Zhang (2013) that articulates the role of interorganizational systems
(10S), trust and collaborative culture in a collaborative context of supply chains.

3 Results

3.1  Objective 1 : Role of a system integrator in collaborative supply planning and its impact on
performance

We used the classification for coordination mechanisms proposed by Frayret et al. (2004) to schematize the
organization of operational forest planning (Figure 3). This classification has allowed us to describe the
roles and functions of the three types of third parties observed in our case studies. As a result, we observed
what tasks a systems integrator can perform for the forest industry group that employs it. The systems
integrator studied would mostly carry out forest planning in public forests for a group of forest industries.
The manufacturers were then able to focus on their core business, wood processing. The following
paragraphs present this finding for the systems integrator third-party case studies (I, IT and III).

Case | Casell Case I Cusvearv
Sup. Sup Sup. Sup.
._\l Flan Plan v
it X - Plan
Int.  Med
Plan
BG5S BGSi BG5S BGSI BG5Sy BGS | BGS» BGSI
HTO HTO | HTO HTO1 HIO | HTO HIO
Ligende
Guidances from strategic orientations : > Sup. : Supervisor
Infermation flow : Med. : Mediator
Decision flow Inl. : Integrator
Coordinated manufacturing flow : BGS : Beneficiary of guarantees of supply
Third party: o HTO : Harvesting and transport organizations

Figure 3. Schematization of our case studies according to the conceptual framework of Frayret et al. (2004). The first
three schemas show the completion of the collaborative planning exercise with the support of a third party (Case I, Il
and ). The last schema has no third party (cases IV and V).
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Regarding the forest planning tasks carried out by third parties, let us first recall that there are some
differences between the Ontario model and the Quebec model because of the different legislation. Forest
planning responsibilities assigned to the third party are therefore also different. For the Ontario model (Case
I), the systems integrator performs all the tasks associated with forest planning in public forests. We found
Case I to be close to the concept of "metasystem integrator" (Davies and Mackenzie, 2014). Indeed, we
have seen that it reconciles divergent interests, different motivations as well as priorities specific to
organizations that constitute several distinct subsystems. First, there is the "economic" subsystem. The
shareholders of the joint venture wish to receive a forest management plan that enables them to carry out
the activities associated with the supply of factories in a successful way. In particular, they expect a forest
management plan that ensures, as far as possible, low supply costs. The SI of Case I must also consider the
environmental and social aspects of forest management. The third party must therefore, on the one hand,
identify the silvicultural treatment methods (volume harvested, type of cut, follow-up after cutting, etc.)
that will meet the environmental requirements, and on the other hand, perform all the tasks surrounding the
public consultation. In summary, the third party of case I tends towards a “metasystem integrator” since it
seeks to understand all the subsystems well enough to find the required compromises needed to take the
right decisions that would satisfy the entire system.

For case Il to V, the MFFP is responsible for strategic and tactical forest planning. The BGSs are consulted
for tactical planning, and have a greater involvement in the annual planning. The integrator in Case Study
II carries out all forest planning tasks that BGSs would normally have to do. In addition, it manages
harvesting operations. This particularity makes it possible to analyze the synergies between the different
levels of planning. The third party is considered an “information node” for all forest operations activities
in the region. Clearly, the third party of Case II is similar to the Supplier-Integrator proposed by Azouzi et
al. (2012) as well as Lebel et al. (2019). However, it was also explained that the SI is responsible for only
4 to 10% of the BGAs’ total supply. Moreover, for all other case studies, we have observed resistance to
entrust a SI for the direct management of harvest and transport operations. Forest planners interviewed who
shared this view expressed that they preferred to maintain control over these activities.

For Case III, we qualified the third party as a "mediator" in reference to the Frayret et al. (2004) typology.
This third party has the mandate to facilitate the exercise of operational planning in an environment where
the level of complexity is high and coordination difficult. Unlike the third parties in cases I and II, the third
party in case III is not responsible for planning tasks for the BGA group. Rather, it contributes to supply
planning by structuring the needs of the BGA group in order to facilitate exchanges with the MFFP. It also
performs mediation for the distribution of harvest areas between the BGAs. Forest planners interviewed
explained that the recent arrival of the third party has contributed greatly to improving the performance of
the forest planning process in the region.

We used a matrix provided by De Snoo et al. (2011) to evaluate the performance of supply planning. This
matrix combines factors that address the performance of the plan, as well as the performance of the planning
process in relation to the level of uncertainty in the environment. We thus assessed the performance of the
planning processes of our five case studies. The results of these analyzes allow us to argue that a systems
integrator contributes to making the forest planning process more efficient when there is a proper match
between the level of complexity of the coordination context and the level of system integration. Indeed, we
observed that for situations where the level of complexity is high, a higher level of system integration
seemed to favor a better performance of the planning process. This conclusion is consistent with the theories
of contingency (Lawrence and Lorsch, 1967, Danese, 2011). However, contingency theories can overlook
some of the organizational and sociological aspects that influence performance.

3.2 Theorize the interactions between a systems integrator and the organizations of a forest supply
chain

It has been explained in Morin (2019) that the literature remains unclear as to how to establish an
appropriate "multi-organizational" governance model for distributed and interdependent contexts. Indeed,
the tension between the desire for autonomy of the various organizations and the necessary management of
interdependencies complicates forest planning. More concretely, the modalities for group decision-making
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which favor at the same time an efficient collaborative planning process as well as effective collaboration
remained vague. The second research objective aimed to improve this observation. By adopting a
sociological perspective, we wanted to identify some of the intangible aspects that are at work during the
collaborative operational forest planning exercise when support is provided by a third party. To achieve
this, the conceptual framework of Cao and Zhang (2013) was used to frame our approaches. This conceptual
framework articulates the role of inter-organizational systems, trust and collaborative culture in a
collaborative supply chain context. This framework provided us the foundation to fill the informational,
organizational and sociological gaps that we had identified in the literature dedicated to collaborative
planning.

First, we found that a systems integrator contributes to ensuring and maintaining a collaborative culture. It
also contributes to trust in the collaborative planning exercise. In particular, third party involvement in
collaborative supply planning ensures power symmetry by monitoring the implementation of the
collaborative principles to which the partners are committed. This monitoring, which reassures the partners,
reduces potential opportunistic behaviors that can harm the group’s benefit.

We also noticed that the trust placed in the third party has an impact on the "group benefits". It was
explained that it is not always possible to meet the procurement objectives of all BGSs on the same annual
horizon. A third party then aims on a long-term horizon to achieve as best as possible the objectives of all
the BGSs. The trust they place in the third party allows for better collaboration. The collaborative planning
exercise is also more efficient under these conditions.

Finally, we identified three elements that characterize a third party able to improve collaborative forest
planning. They are impartiality, credibility and transparency. First, we observed in our case studies that
BGSs employed third parties that did not have a forest license. Instead, they chose models that encourage
impartiality. Based on our analysis, the unbiased third-party perspective helps to produce equitable forest
planning for the BGS group. Secondly, the third party must show credibility to those who employ it,
especially in supply planning. The different organizations in the supply chain, but especially the BGSs,
want to be able to count on plan that meets their requirements. Finally, in addition to impartiality and
credibility, we have noted the contribution of transparency in the development of trust. Based on our
analysis, we believe that the ability to audit the work of the third party is part of the process of building the
trust needed to achieve true collaboration.

Our result clearly points towards factors that explain how a system integrator influence supply chain
collaboration. We can also argue that a systems integrator plays the role of a "firewall" for the daily defence
of the collaborative principles that partners in a forest supply chain engage in. Its presence provides some
form of insurance to the group, which encourages collaboration and promotes more collaborative supply
planning. Figure 4 schematizes the results of the second research objective.

System integrator
third party

Impartial
Credible
Transparent

Contributes to ensuring and maintaining a collaborative culture

Promotes trust in collaborative forest planning

Figure 4. An impartial, credible and transparent third party is able to provide two inputs to the exercise of
operational forest planning. It is about "contributing to ensuring and maintaining a collaborative culture” and
"Promoting trust in the collaborative forest planning exercise".
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3.3 Managing the information sharing required for collaborative forest planning

In his thesis, Morin (2019) describes the amount of time and resources needed to reconcile all the
information used to carry out supply planning. Considering the capacity of third parties to introduce
centralized information into decentralized systems (Frayret et al., 2004), it is interesting to study the
contributions of a systems integrator to information management. Because of its intermediate position
between the MFFP and the BGSs, we hypothesized that a system integrator was able to positively contribute
to the management of information sharing as well as to the processing of information needed for forest
planning.

We observed that the third parties of cases I and II, and to a lesser extent the third party of case III, manage
the "communication channel" between the landowner (State) and industrial actors. They play an interface
role between them. This responsibility makes it possible, among other things, to manage cultural differences
between ministerial and industrial organizations. This third-party capability joins the interoperability
described by Vernadat (2007, 2010). According to our analysis, a systems integrator allows forest supply
chains under study to improve the management of information sharing by enhancing interoperability
between departmental and industry organizations. It achieves this by reconciling the organizational
differences between these two groups (organizational dimension of interoperability). It also ensures better
consistency in the interpretation of information exchanged (semantic dimension of interoperability).

A systems integrator can also reduce the number of actors actively involved in forest planning. According
to our analysis, a systems integrator manages to provide all the organizations that employ it with sufficient
IT expertise to involve them in collaborative forest planning. We also argue that, consistent with the Cao
and Zhang (2013) framework, a systems integrator would be in a position to contribute to IT developments
across the entire supply chain, and thus offer the benefits of collaboration for the supply chain as a whole.

We suggest that systems integrator play a more active role in IT development across the supply chain.
Indeed, the middle position they occupy between departmental and industrial organizations would allow
them to coordinate "jointly" the development of IT for the entire supply chain. Figure 5 illustrates the results
of the third research objective.

System integrator
third party

Reducing the number of actors actively involved in forest
planning without marginalizing organizations in this
collaborative planning process

Improved information sharing management by enhancing
interoperability between departmental and industry
organizations

Figure 5. Summary of third-party systems integrator inputs to information sharing management.

4 Conclusion

The generic concept of system integrator, well document in the aerospace and automobile industries, had
not previously been empirically studied in forest supply chains. Five case studies, with and without a third
party integrator, were analysed using the formal framework proposed by Cao and Zhang (2013). We also
used De Snoo et al. (2011) performance matrix to evaluate the forest collaborative planning performance.
Results suggest that systems integration applied to the forestry sector generates several benefits:

- Forest planning process is more efficient when there is a good fit between the coordination context
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and the level of system integration.
- Systems integrator promotes collaboration in the complex context of forest supply chains.
- A systems integrator is able to play a positive role in information sharing management.

Furthermore, our result indicate that information management is a relevant research avenue in the
development of knowledge about the contributions of system integration in the forest sector. In addition,
principles of Industry 4.0 may be relevant in proposing ways to manage information effectively and
efficiently. However, participants in our study were hesitant about providing an individual partner with
complete access of their company tactical information needed to propose global solutions. Cyber-physical
systems combined with artificial intelligence might contribute to resolve some of these “trust” issues, and
further improve the impartiality associated with systems integrator.
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Abstract: The aim of this study was to determine the effect of leaching of heavy metals (Cr, As, Cd, Cu,
Ni, Pb, Zn, Co, Mo) and earth-alkaline metal, barium (Ba), on the percolation and ditch water quality
from the forest roads that contained ash in the road structures. Water quality was studied in the
immediate vicinity below the ash layers as well as deeper in the road structure. Water quality was also
determined in the drainage water in ditches that crossed the forest roads. A mixture of wood and peat
based fly ash was used in the road structures. The treatments were: 1) no ash, 2) a 15 cm layer of
ash/gravel mixture, 3) a 20 cm layer of ash/gravel mixture, 4) a 25 cm layer of ash, and 5) a 50 cm layer
of ash. Large variation in the concentrations of Cr, As, Cu, Ni, Pb, Mo and Ba in the percolation water,
even within the same treatment, caused difficulties to generalize the results. The concentrations of Cr, As,
Ni, Pb, Mo and Ba in water samples were high in some treatment plot lysimeters containing ash
compared to the control (no ash). On the other hand, many lysimeters had low and similar concentrations
in water samples in the treatment plots containing ash compared to concentrations in the control plots.
The ash in the roads did not affect the concentrations in the ditches. The leaching is uneven and seems to
take place only from some parts of the ash layer. Risk for leaching is minimal if such parts are not widely
spread.

Keywords: lysimeter, recycling, forest road rehabilitation, environmental impact assessment, low-volume
road
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Abstract: Today we live in the era of Forestry 4.0, meaning that we are in the industrial revolution of
cyber-physical systems. It is often linked to the term “smart forestry”. As a consequence, “digitalization”
and “networking” play a pivotal role in the future of forestry, and in particular for forest operations and
mechanization. The collection and use of digitalized data not only requires the appropriate technical
implementation but also hinges on the clear understanding of the legal, social and economic requirements.
In an attempt to further our understanding, the aim of this study was to identify and analyze the legal, social
and economic requirements of harvester data integration in Germany. In detail the research questions
were:

1. Which legal basics determine the harvester data integration?

2. How do the stakeholders, participating in the wood supply chain, see potentials and challenges of

such data integration?
3. What is the current situation of economic value creation in data markets and is it possible to trade
harvester data?

To analyze the legal conditions of harvester data, a literature review of the relevant German laws was
performed. A qualitative content analysis of expert interviews was also conducted to identify and analyze
the opinions of the stakeholders in the wood supply chain. Furthermore, an additional literature research
was performed to ascertain approaches for monetary valuation of data.
In Germany, the legal situation surrounding data acquisition and use is generally not clearly defined since
only ownership-related rights for data can be described. Because of this situation, the meaning of ownership
and rights is highly fluid and depends on the different stakeholders. From an economic perspective, there
is no universal method for a monetary evaluation of harvester data. All things considered, a
recommendation of how to diligently handle harvester data is needed in Germany, like it already exists in
other countries, such as Finland.

Keywords: legal conditions, social perspectives, economic evaluation, supply chain
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DETERMINING THE RESILIENT MODULI OF HRB STABILIZED SOILS BY
THE CYCLIC CBR METHOD
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Abstract: As computer-aided analytical pavement design gets wide-spread and affordable even in low
volume road design, there is an increased need for cheap determination of elastic properties of road
building materials. Such measure is the resilient modulus (Mr). 1t is traditionally measured by dynamic
triaxial testing, a complex and expensive process. The cCBR (cyclical California Bearing Ratio) method
was developed at the Technical University of Delft in 1995 to provide a simple tool to estimate Mr of
granular soils. Ever since researchers adapted and tested the method on cohesive and stabilized soils
with great results. In this study the suitability of cCBR testing for HRB (Hydraulic Road Binder)
stabilized soil samples was assessed. The cCBR test consists of a standard CBR test — where a 50 mm
diameter metal rod is pushed 2,50 mm deep in the sample by 1,25 mm/min speed — followed by at least 50
loading cycles. The loading force equals the force needed for the 2,5 mm penetration. In a loading cycle
the sample suffers permanent (plastic) and reversible (elastic) deformation. In order to get information
on the elastic behavior, the sample should be loaded repeatedly until only reversible deformation occurs.
Based on the sample’s elastic deformation and the force equations were developed to estimate Mr. Silty
sand (SM) soil was used for the experiments. 24 samples were produced with lime and lime-cement
binder. Water content ranged from 8% to 23%, while binder proportion was set to 3, 5 and 7%. The
samples were left curing for 28 days then cCBR tests were conducted. It was found that the strength of
correlation between CBR and estimated Mr seems to depend on the binder. The average CBR value of
lime-treated soils was higher than lime-cement treated ones, while it was the opposite in the case of Mr
values. From the investigated calculations, Opiyo’s equation resulted more realistic Mr values for the
used soil. In the light of the results the cCBR test looks like a promising tool though more comparative
research is needed for routine application in the Hungarian forest road design practice.
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Abstract: The full use of the forest wood potential is of major concern in Switzerland. Therefore, the
Federal Office for the Environment (FOEN) and the cantons provide substantial funding for an active forest
management. One key element in this context is the maintenance of an adequate forest road network. This
study targets at providing orientation values about the minimum amount of forest roads to classify a certain
forest as opened. Thus, guaranteeing sufficient access to the targeted wood resources. This is the basis to
make the linkage with construction cost values referring geological and terrain structures on-site. In the
end the Federal Office for the Environment (FOEN) will elaborate an according funding system
underpinned by the findings of the study.

Keywords: forest road network, subsidy system, construction costs

1. Background situation of the project

Forest roads are essential for providing access to forests and their wood. Forest road networks usually were
established over several decades, always in accordance with logging, hauling and transport abilities of that
planning and establishment period. These road construction activities culminated in Middle Europe long
ago, with now several roads reaching or exceeding their financial depreciation age (Anonymous 2008).
This is also true for Switzerland. Thus, is a good opportunity to determine if the road network structure is
convenient and how large the deviation compared to an ideal structure is. The redesign of the road network
is crucial in relation with the efficiency of forest management and wood harvesting (Ziesak et al. 2005). It
is one of the most promising approaches but to find the best situational solution is a challenging task
especially in mountainous regions like in Switzerland (Bont 2016; Bont 2017).

2. Aim of the project

Based on newly available harvesting, skidding and transport options it is a good idea to review actual
configuration requirements of forest road networks. A first step was done in this study, intended to find
ideal orientation values for forest road densities for larger areas in Switzerland. The analysis aim was to
define value ranges for the forest road networks in respect of the existing forest patterns and terrain
structures in 23 cantons and to elaborate a value range per canton. This generated cantonal value ranges
have then to be linked with corresponding value ranges of construction costs regarding the geological and
terrain structures in the examined area. In the end the Federal Office for the Environment (FOEN) will
elaborate an according funding system underpinned by the findings of the project (BAFU 2013).
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3. Elaboration of near optimal road densities and value ranges for construction costs in Switzerland

The study uses a two-step methodology, which results in an orientational or recommended road density
value per plot. The first step generates road density values per sample area; these values are then
summarized in to different value ranges in the subsequent GIS based cluster analysis in the generalization
step.

Within the set approach already existing forest road networks were excluded from the contemplation as
they can be considered as fully amortized, furthermore they often do not reflect nowadays needs in road
delineation, due to their construction time long ago (Ghaffarian et al. 2007; Heinimann 2017). The newly
elaborated forest road networks are based on an expert-study. These experts were considering the forest
patterns, terrain structures (map-based), latest harvesting and transport technologies in their model road
network solution per test area (Heinimann 1998; Heinimann et al. 1999; WSL 1999a, 1999b; LWF 2002;
DWA-Regelwerk 2005). The resulting database is therefore highly influenced by forest operations related
production factors, thus providing a comparison set towards further needs as coming from other inquiries
like tourism, agriculture or water management. Overall 73 sites with an extent of 11km? each, containing
mainly forested areas, were placed with the minimal condition of one site per canton. The sites were
analysed in this second step with the aid of GIS. Several layers were investigated and over 30 variables
were incorporated and calculated to reflect the variability of structural features. In this second step an
exploratory regression was computed to generate a model able to explain the occurring road densities by
taking into consideration the geological, terrain and forest land structures. This provides the required
relationship between the regarded variables and the resulting road densities in Switzerland. This analysis
framework was implemented in RStudio to make the linkage between the variables and the model enabling
the assignment of new (uninvestigated by experts) sites into the defined road density clusters. In that way
it is possible to calculate a value range for a reasonable road density needed for a specific site to assure a
sufficient forest exploitation without any need for manual survey by experts or exploring the areas in the
field. The actual status is that the calculation of the value range can be made adequately for the cantons
Berne and Argovia. To enable the successful implementation of the approach throughout Switzerland it has
become evident that additional variables have to be incorporated to achieve the objective appropriately.
To enable the assessment of the occurring forest road construction costs on-site, a collection from the
Federal Office for the Environment (FOEN) is used which contains many forest road construction projects
and their new construction costs. Additionally, data from tree Swiss cantons (Berne, Grisons and Fribourg)
were included in the analysis. In total around 1500 projects since 1993 were selected for the investigation.
Ziesak and Tschamun (2012) have analysed the described dataset and used 5 clusters reflecting different
regional characteristics (alps, south side of the alps, prealpes, jura and midlands). In the context of this
study the new construction costs regarding forest roads without hard cover are essential (N=545).
Unfortunately, this 5 regional clusters cannot directly be used as explanatory because when estimating the
near optimal road densities, the geological and terrain structure variability appeared higher within these
regions than between them. This means also that there has to be found another way to connect the
construction costs with the near optimal road densities than by allocating them to one of the 5 regions. At
the moment the most expedient way to do so is under examination.

After the successful implementation of a sufficient interface approach, in a subsequent step BFH will
support the Federal Office for the Environment (FOEN) the design process to define the according system
of contributions based on the two different kinds of value ranges and their viable linkage.
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Abstract: We present an agent-based model of wood markets. The model covers softwood and
hardwood markets for sawlogs, energy wood, and industrial wood. Our study region is a mountainous
area in Switzerland. The wood markets in this study region are characterized by many small-scale wood
suppliers, and a mix of private and public-owned forests. The model was developed to investigate the
availability of wood in the study region under different market conditions. We defined several scenarios
that are relevant to policy makers and analyzed them with a focus on the two most important assortments
of wood in the study region, namely, sawlogs softwood and energy wood softwood. The development of
the prices and amounts sold in the scenarios are compared to a business-as-usual scenario. The
scenarios were designed to investigate i) the influence of intermediaries, ii) the influence of the profit-
orientation of forest owners, iii) the influence of the exchange rate, and iv) the consequences of set-asides
in the study region. The presented model has a large potential to support the planning of policy measures
as it allows capturing emergent phenomena, and thereby facilitates identifying potential consequences of
policy measures planned prior to their implementation. This was demonstrated by discussing the scenario
findings with respect to Switzerland's forestry policy objective of increasing the harvested amount of
wood to the sustainable potential. We

showed that a higher profit-orientation of forest owners would be beneficial for this objective, but also
revealed potential conflicts of different economic goals.
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Abstract: Most existing forest road networks in Switzerland were built between the 1950s and the
1980s, so they were planned for different conditions that we find today (different harvesting and hauling
technology as well different financial restriction). At latest when reaching the end of the life cycle, those
road networks need to be redesigned. For example some road segments will not be required anymore,
some need an upgrade and some road pieces need to be new constructed. In particular in the hilly and
flat terrain in Switzerland road densities are considered rather as too high. Based on an existing road
network, we are aiming to identify a harvesting and road network layout that minimizes concurrently the
cost for the road network (construction, upgrade and maintenance), the wood harvesting and the hauling
operations over an entire life cycle. Since road networks in flat terrain are much more complex (in terms
of potential combinations of road segments) than in the mountains terrain, existing methods developed
for steep terrain cannot simply be adopted. We will present an optimization and analysis method that is
able to deal with such complex road networks and compare it with existing approaches. The method will
be applied for a project of the Swiss national forest inventory, aiming to identify forest areas with a too
dense or a too sparse road network and proposing a strategy for further developments of those road
networks. Results from a first case study in the cantons of Bern and Basel will be presented and
discussed.
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FOREST MACHINES FOR THE FUTURE — LEARNING FROM NATURE
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Abstract:

We present our view for the future of forest machine development that is inspired by nature. As forestry
professionals designing machinery and systems we can learn from nature’s forest experts — the animals
that live among trees all their lives. Arboreal animals have developed behavioural, structural and
physiological adaptations to the forest environment. Some animals move slowly from branch to branch, like
the stick insect. Others, such as Gibbons, can move rapidly using brachiation, engaging in the arboreal
equivalent of running through the forest tree tops. Hands, claws, arms, muscles and other body parts have
evolved over time to make movement efficient. An opportunity exists to use these biological adaptations in
the design and movement of forestry machinery. We can even learn from the behaviour of forest animals to
inspire the development of intelligent forest machine control systems.

One common feature of forest animals that live in trees is that they avoid the forest floor when possible,
preferring to move from tree to tree. Another feature is they tend to have a low body mass so more branches
are available for locomotion and there is less energy required for movement. We designed and built a
prototype forest locomotion machine inspired by forest animals. It is designed to always stay above ground
moving from tree to tree and to be as light weight as practically possible. The machine is designed to
eliminate the problem of soil disturbance and movement on steep terrain. Additionally, by not interacting
with the ground surface, navigation and traction are much easier — slippery soil, slopes, rocks, holes, fallen
logs and other barriers to terrestrial locomotion can be ignored.

We will present a possible future for forest operations mechanisation where economically valuable forestry
tasks are performed by machines inspired by, and working in harmony with, nature.

Keywords: robot, tree to tree locomotion, biomimetics, forestry

1. Introduction

In the past, people used only an axe or chainsaw to fell a tree. This felling system of person and axe (or
chainsaw) weighed on average less than 100 kilograms. Modern harvesting machines, although faster and
with a bunching ability, can weigh in excess of 30,000 kilograms. Mechanised harvesting on steep slopes
can therefore create soil impacts and environmental hazards in downstream waterways, particularly due to
compaction of soil (from heavy machinery), and soil erosion (due to traction and skidding) affecting future
soil productivity, and debris slips from loosened soil and exposure to rainfall runoff (Adams et al. 2003;
Baker 2014; Fahey & Coker 1989; Ghafferin et al. 2012). Reduction of sediments into waterways is a
primary concern for forest management when harvesting in steeper terrains. Safety of the forest worker is
of extreme importance and any new technology must not introduce more hazards. Robotic harvesting is
seen by the forest industry as improving worker safety (Bayne & Parker, 2012).

The forest is a difficult environment. Milne et al. (2013a, 2013b) states that the forest setting provides a
unique challenge to robotic progress requiring operation in an unstructured and uncontrolled environment,
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and Ringdahl (2011) notes the more complex in-field decision-making than agricultural practices.
Operating paths are rarely straight or flat, with a high degree of logging residue and high variability in
vulnerability to soil compaction (Ringdahl 2011).

2. Background

2.1 The Forest Environment

The forest terrain in New Zealand is often steep and the ground covered in obstructions such as logs, rocks,
tree limbs and holes. The soil surface can also be difficult to negotiate with slippery pine needles or mud.
There is ever present danger in the forest environment with cones and branches falling from above and
during high wind events — falling trees. High levels of moisture stored in the forest canopy during wet
weather make the transmission of radio waves difficult. For example, the needles of Pinus radiata are the
same length (10-15cm) as a quarter-wave length that mobile phones work on. This severely disrupts signal
transmission within the forest (Savage et al, 2003) making radio control of machines difficult.

2.2 Forest Mechanisation

Many tasks, such as planting, pruning, thinning and tree measurement rely on manual labour. However, in
New Zealand there is difficulty recruiting skilled and qualified workers. Mechanisation is potentially a way
to increase the productivity of the smaller workforce and improve safety of workers

There have been attempts to develop mechanised silvicultural devices for pruning and thinning. The
Clouston Tree Shaver (Young, 2002) rotates around the stem of the tree and as it climbs a router bit cuts
off branches. Similarly, the Yamabiko pruning device climbs the tree on rubber pneumatic tyres and cuts
branches with a vertical chainsaw. However, this style of device does not work well on the rough knobbly
stems of New Zealand radiata pine (Wilkes & Bren, 1986). University of Canterbury, New Zealand is
attempting to develop a UAV based pruning device that can cut individual branches from Radiata pine
stems.

Thinning in New Zealand forests can be ‘commercial thinning’, where the logs are extracted and sold or
‘thinning to waste’ where the felled trees are left where they fall. Mechanised commercial thinning
operations have existed in New Zealand for many decades (Grayburn, 1976). However, mechanised waste
thinning is uncommon although attempts have been made to successfully implement mechanised
operations.

Silvicultural tasks are difficult to mechanise and one of the greatest causes of difficulties is finding a simple
and reliable method to move over the broken forest terrain to get to the next tree.

2.3 Acceptance of mechanisation

Bayne and Parker (2012) interviewed 23 New Zealand forestry personnel involved in forestry operations
to gain an understanding of their reactions to the potential use of robotics in forestry. Robotics was widely
viewed as a natural progression of mechanisation for the industry, and for a third of respondents, seen as
essential in order to have an industry that remains competitive in the future. The greatest perceived concerns
from robotics implementation include the impact on employment in small rural communities; the ability of
robotic devices to cope with the difficult terrain of the New Zealand forest environment; and meeting
economic considerations given tree and forest variability.

3. Future Forestry Machines

In the past we were able to cut down a tree with an axe. Tools were then refined so that hand saws and
eventually power saws were used to cut down trees. We have now moved to large expensive 40 tonne
tracked and wheeled machines felling trees. The ideal would be to have the smallest, cheapest machines
that are capable of performing productive forestry tasks.
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3.1 Learning from nature

The term biomimetics was first used in a paper by Otto Schmitt (Schmitt, 1969). Biomimetics relates to
gaining inspiration from biological structures and processes to solve problems. Our future forest machine
development has been inspired by nature.

As forestry professionals designing machinery and forest systems we can learn from nature’s forest experts
— the animals that live among trees all their lives. Arboreal animals have developed behavioural, structural
and physiological adaptations to the forest environment. Some animals move slowly from branch to branch,
like the stick insect. Others, such as Gibbons, can move rapidly using brachiation, engaging in the arboreal
equivalent of running through the forest canopy. Hands, claws, arms, muscles and other body parts have
evolved over time to make movement efficient.

An opportunity exists to use these adaptations in the design and movement of forestry machinery. We can
even learn from the behaviour of forest animals to inspire the development of intelligent forest machine
control systems. Over millions of years animals have evolved to use the trees of the forest for locomotion.
The most impressive are the brachiating Spider Monkey and the Gibbon (Figure 1).

Figure 1 Gibbon displaying brachial swinging locomotion
Source: http://www.gibbons.de/main/introduction/pics/5-1.gif

A robot needs incredible control to brachiate rapidly, moving slowly is more within the capabilities of
existing robotics. The robot we developed, which is described below, moves slowly between trees.

4. Possible Forest System

One common feature of forest animals that live in trees is that they avoid the forest floor when possible,
preferring to move from tree to tree. They tend to have a low body mass so more tree branches are available
for locomotion and there is less energy required for movement. We designed and built a prototype forest
locomotion machine inspired by forest animals. It is designed to always stay above ground moving from
tree to tree and to be as light weight as practically possible. The machine is designed to eliminate the
problem of soil disturbance and movement on steep terrain. Additionally, by not interacting with the ground
surface, navigation and traction are much easier — slippery soil, slopes, rocks, holes, fallen logs and other
barriers to terrestrial locomotion can be ignored.

With funding from Scion, the New Zealand Ministry for Primary Industries and the New Zealand Forest
Growers Levy Trust the concept of a tree to tree forestry machine became real (TVNZ, 2015). In 2013, four
University of Canterbury Mechanical Engineering and Mechatronics students built a working radio-
controlled tree to tree locomotion machine (Figure 2). Their efforts won them the New Zealand Institute of
Professional Engineers Ray Meyer Medal for Excellence in Student Design for 2014.
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Figure 2 Scion tree-to-tree robot platform

We will present a possible future for forest operations mechanisation where economically valuable forestry
tasks are performed by machines inspired by nature. These operations are demonstrated in a video
animation found at https:/www.youtube.com/watch?v=mzzE70ymuTU&t=5s

4.1 Pruning

The robot attaches to two adjacent trees, removing limbs as it climbs upwards. The limbs fall to the forest
floor and the robot then moves to another pair of trees (Figure 3).

Figure 3 Tree to tree robot pruning trees
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4.2 Scanning

The robot carries a LiDAR tree scanning device to record the form of trees. The robot moves from tree to
tree without disturbing the forest floor (Figure 4).

Figure 4 Robot scanning trees

4.3 Thinning

Trees are cut by the robot which is attached to an adjacent tree (Figure 5). This prevents damage to the
forest soil. Planning of the path of the robot through the forest will be important to assure standing trees are
always available for locomotion.

Figure S Tree to tree robot felling trees

4.4 Extraction

Logs removed from the forest using an aerial ropeway held in place by moveable robots. The logs do not
disturb the forest soil. This is one possible scenario and logs could be moved by other means (Figure 6).

Figure 6 Robot system to extract logs to the nearest road
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Considerable effort is going into developing machines for forest operations. Lindroos et al. (2017) discuss
recent innovations for mechanised timber harvesting. The ideal would be a utopian forest working
environment where quiet, small forestry machines perform the tasks — planting, pruning, mensuration,
felling and extraction. The machines work in swarms to do the bigger tasks like felling heavily leaning trees
or log extraction (Parker, Clinton & Hooper, 2018).

There would be humans on-site, like shepherds, looking after the flock of forestry robots — repairing fallen
machines, refuelling and sharpening cutting blades. All the machines would be small enough to be easily
transported by light helicopter to the forest location. Because there are many, less expensive machines the
economic risk for the contractor is less. If one machine is broken there are others that can continue to work.

5. Conclusions

Nature provides a vast array of potential solutions to the problems that arise in the design of robotic systems
for forestry. Animals have developed efficient methods of locomotion in the arboreal environment. Forestry
is a high risk industry set in a challenging environment and robots will, in the future, perform those
dangerous and difficult tasks. Additionally, we are learning of the importance of the microbiome of the
forest soil to tree health and the importance of not disturbing the soil. Robotic systems which can tend and
harvest trees without damaging the soil will be essential for the health and wellbeing for our forests.
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Abstract: In cut-to-length harvesting, pre-harvest clearing is needed when the forest has many
undergrowth stems preventing the visibility to the harvested stems. Pre-harvest clearing eases the
harvester operators’ work, which increases the productivity and quality of the harvesting operation. The
use of electronical marketplaces requires more accurate information on the value of tree stock and
productivity of harvesting operations in the stand. Thus, the ultimate goal was to decrease the need of
forest visits before harvesting operations utilizing airborne laser scanning (ALS) methodology for pre-
harvest assessment of harvesting conditions.

In the study, methodologies for estimating the need for pre-harvest clearing of understorey vegetation
were developed. The field data included 97 field plots, where stems with diameters from 1 to 7 cm were
measured. Moreover, all the plots were photographed, and the photos were used in an e-questionnaire
that was answered by 66 forest professionals, who were mainly harvester operators. The respondents
were asked to classify the sample plots to the five categories, which were: no need for pre-harvest clearing;
pre-harvest clearing would help harvesting; pre-harvest clearing recommended; a great need for pre-
harvest clearing; and pre-harvest clearing essential. Multispectral ALS data were collected by the Optech
Titan sensor. The results showed high variability in the classification of the need for pre-harvest clearing
by forest professionals. The ALS-based recognition of the need for pre-harvest clearing proved to be
challenging in the cases where the need for pre-harvest clearing was subjective, but the lowest and highest
needs could be detected in most of the cases.

Keywords: pre-harvest clearing, productivity, understorey, airborne laser scanning, visibility
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Abstract:

New Zealand government decided to plant 1 billion trees beyond reforestation in ten years. The labour
shortage has already been a significant problem for employers, especially in the forestry industry since it
needs specific knowledge and the working environment is challenging. Therefore, the already stretched
system needs new solutions to handle the challenge.

The study introduces the cost and benefits of applying planting robots (planterbots). Four generations of
planterbots were considered from a remote-controlled tractor to autonomous solar-powered small units
can process remote sensing information and cooperate on the field.

Discrete event simulation (DES) was applied to analyse the movements in the planting area. Based on the
DES information, an economic analysis was developed to calculate the costs and benefits. Sensitivity
analysis was used to define the critical factors and identify the important constraints (speed, fuel
consumption, cost/unit, etc.) to be competitive with the current manual labour. The identified constraints
are the essential inputs for the initial machinery design.

The presentation includes the problem definition, the description of the planned planterbot generations
and the thoughts behind the machinery, the method of analysis, and the results.

Keywords: Planting robot, reforestation, afforestation, labour shortage, mechanisation

1. Introduction

Mechanisation studies are used to investigate the impact on the assisting or removal of human labour in
favour of a mechanical alternative. Access to a willing and capable human workforce is increasingly
difficult in recent years as competition for labour increases. This provides an incentive to consider
alternatives to a human capital system. The rationale implies that powered sources can reduce the
recruitment and safety issues facing a human workforce while providing at least parity in operational
efficiency and cost. Mechanisation has been demonstrated in many industries to increase the speed at
which work can be completed and provide a more consistent quality of work. Machines are able to
operate in environments unsuitable for the health and safety of workers. The overall objective of a
mechanisation of a process is to enhance overall productivity of the process at the lowest possible cost of
production.

Mechanisation impacts on a number of logistical factors in a system. Any study must include fine details
such as the planting rate, utilisation of resources, and costs associated with these activities. Time must
also be accounted for including the operational aspects such as planting time, planting quality, transfer
times, shift requirements as well as planned and unplanned downtimes of resources. Novel methods of
delivery of inputs to site may be required, the frequency and size of these deliveries may need to be
adjusted. How the resources will be moved from site to site must also be included in the analysis.

It is proposed that the logistical impact of mechanisation of the planting system be undertaken by a

discrete event simulation model. Discrete event simulation is a mathematical computer model which
creates scenario based operational models of a system. Discrete event simulation is a modelling system
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where changes to the state of the system occur at discrete periods of time. Discrete event simulation
models items as populations of individual entities moving through activities, waiting in queues, and
joining with resources. It is the moment of these individual entities from process to process or queue to
queue that causes changes to the systems state. Discrete event simulation software provides for variability
in the time it takes an entity to undertake an activity and accounts for planned and unplanned downtimes
of resources and activities; this ability to fully represent a system’s true stochastic nature is vital to
predicting the systems response to situational or variable changes. This reduces the time and money spent
on situational analysis of the resulting impact on key performance indicators. The models are also easily
manipulated, permitting numerous refinements to the system to be examined.

The identified logistical factors are all inputs into a larger economic analysis of the business case for the
mechanised system. In addition to the operational factors analysed by the discrete event simulation there
are a number of organisation level economic factors that should be considered for a true business case
analysis. Many of these factors are influenced by changes in the logistics and as such these models should
be intricately linked to enable scenarios to be compared (Figure 1).

Economic Model

CAPEX w / Logistics Model \

OPEX Piantmgtlme.
Number plantations

Labour - Failed planting
H& S(insurance) Absentesism
Opportunity Cost Shifts .
Depreciation Downtime/utilisation
Maintenance time Tree Mortality
Transfer between sites Inflation
Imputs (Seedlings, blades, . ROI
ey NPV
Seasonality
Overheads

Transportation

» Transport
\ / Cashflow

Figure 1. Connections of the logistic and economic models

It is proposed that the outputs of the logistics modelling be linked with an economic impact model which
will analyse the capital, operational, financial and opportunity costs of the proposed Planterbot
mechanization.

This will result in a model that provides a logistical element identifying the operational efficiencies of the
Planterbot as well as an economic element identifying the financial efficiencies. By linking the output of
the logistics model to the economic model the research team will be able to run future scenarios to refine
or test the Planterbot system design.
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2. Methods

The first step of the DES is the process mapping (Figure 2). All the given process phases defined by the
time, energy, and labour demands and their variances in the Extendsim DES simulation tool. Considering
the seasonality of tree planting we run the model to represent a year.

Figure 2. Planting process map

The DES outputs (uptime, labour, energy, planted trees/year) were applied in a spreadsheet economic
model to analyse the feasibility, profitability, sensitivity, and tradeoffs. The links between the logistic and
economic models and economic inputs and calculated benefits are introduced in Figure 3.

Basic Economic Inputs
Capital costs
- Planterbot

Other Capital
Replacement year (5-20)

From the logistics model Tree cost (delivered)

<« Number of seedlings planted

- Planterbot Utilisation (uptime) From the IOQIs“cs model

Outputs
%  Worker Utilisation (uptime hours) | sent to Yield (Tree/hour, tree/year)
Sty Economic
< Worker utilisation (contracted hours) Wicdel Labour Cost

Fuel cost

o> Diesel use

< Number of site shifts

O -
Figure 3. Economic inputs and benefits
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3. Results/Conclusions

Based on expert’s consensus, we applied a 1.2-2.0 NZD/tree planted cost by manual labour depending
on the production site. Sensitivity analysis was performed (Figure 4-7) and we have defined regressions
to understands the effects of the main economic factors.

3.1 Sensitivity analysis

The effect of the loading capacity on the cost/tree introduced in Figure 4. Larger loading capacity results
in lower cost, however, the effect of the loading capacity on the costs is diminishing. Figure 5 introduces
the impact of planting time/tree on costs. A strong positive correlation was found as in the case of fuel
consumption (Figure 6) as well. The number of serviced planterbots by a technician has a strong
negative correlation with the cost/tree (Figure 7).

The effect of loading capacity on cost/tree

6.00
5.00

4.00

3.00 Loading capacity effect is diminishing

Cost/tree ($)

2.00

1.00

30 40 50 0 70 80 90 100 110 120 130 140 150
Loading capacity (seed)

Figure 4. The effect of loading capacity of the planterbot on cost/tree planted

The effect of planting time on cost/tree

6.00

5.00
n 4.00
o
= 3.00 The planting time has strong
] positive correlation with the
O 2.00

cost/tree
1.00

050 0.75 100 125 150 175 200 225 250 275 3.00

Planting time

Figure 5. The effect of planting time on cost/tree planted
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The effect of fuel consumption on cost/tree

9.00
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7.00

6.00

5.00 The fuel consumption has strong
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3.00 cost/tree

2.00

1.00

Cost/tree (3)

300 420 540 660 7.80 900 10.20 1140 12.60 13.80 15.00
Fuel consumption (I/hour)

Figure 6. The effect of fuel consumption on cost/tree planted

The effect of the number of serviced planterbots
per technician on cost/tree

6
5 The number of serviced planterbots
2
per technician has strong negative
v 4 correlation with the cost/tree
£,
~
g
S 2
1
0
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The number of serviced planterbots per technician (planterbot)

Figure 7. The effect of the number of serviced planterbots by technician on cost/tree planted

3.2. Effect of various factors on the costs

We identified the key regressions to calculate of the feasibility of planterbots in a NZ environment.
Number of seedlings picked up effect:

Cost/tree = 3.859 + 1.465 / (1 + number of seedling picked up at a time / 46.118) A 2.837

Planting time effect:

Cost/tree = 1.492 + 1.396 * planting time

Fuel consumption effect:

Cost/tree = 4.300 + 0.230 * hourly fuel consumption

Number of one technician serviced planterbot effect:

Cost/tree = 6.007 — 1.220 * number of serviced planterbots
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3.3. Key constraints of a feasible planterbot solution
In conclusion, a feasible planterbot solution has the following key constraints:

e One technician should support at least the planting of ~80,000 tree/year to keep the labour costs
down;

e The total fuel consumption should be below 0.25 I/planted tree;

e Planting time should be below 1 minute/tree excluding pickup time, maintenance and all breaks;

e The cost of the planterbot is not a key factor up to 100,000 NZD.

4. Future research

There is a clear limitation of the DES modelling, without experiments involves working planterbots, the
numbers cannot be accurate. However, some important constraints and trade-offs were identified
during the model building and runs. The collaboration of value chain experts, engineers, economists
decreased the risk of the research.

The next step is designing and building the first generation of planterbots and collecting operation data.

Based on the data from the working machines we can analyse the design and operation, and finally, we
can optimise the planterbot solution.
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Extended Abstract:

Technology is moving at a rapid pace and in forestry new innovations are increasingly being integrated in
operations such as silviculture re-establishment (regeneration). Globally, re-establishment operations have
traditionally been manually orientated except soil preparation techniques that have shown the most
progress. The main drivers of mechanisation in re-establishment have been labour shortages, increasing
labour costs, need to increase productivity, reduction of exposure to safety risks and improvement of quality
and uniformity in forest stands. However, unlike harvesting, re-establishment mechanisation has globally
been fragmented due to a wide variability in site factors and the diverse manner in which these practices
are conducted. Due to the increasing need to remain competitive and meet growing wood demands, there
has been an increased focus on various innovative ways to improve re-establishment activities. However,
little is known about new re-establishment technologies that exist in plantation forestry and how they are
expected to evolve going into the future. The aim of the study was to identify potential re-establishment
technologies and further forecast when they were likely to be adopted in future.

The Delphi technique was used to systematically elicit expert opinion on possible future re-establishment
technologies which have the highest probability of being adopted in operations. The technologies were
categorized into for broad categories, namely: (i) machine specific developments (ii) material input
innovations (iii) machine operator specific innovations and (iv) computerized technology applications.
Within these broad technology areas, 18 specific technologies were identified and forecasted. The process
involved the distribution of a questionnaire to 24 experts in the field of silviculture re-establishment in
plantation forestry. The technology forecasting span over six months and involved three rounds of response
analysis and recirculating the questionnaire amongst the experts. Statistical analyses were conducted on the
data to determine central tendencies (mode) and percentage change in predictions between Delphi 1 and
Delphi 3 iterations.

The Delphi findings indicate that by “2025” there is a high chance that machine specific technologies such
as multi-functional machines, advance machine terrain handling enhancements, drones and machine self-
diagnosis and maintenance will reach 50% adoption whilst machine automation and robotics may reach
50% adoption about five years later. By “2025” material input technologies such as paper-based pots,
optimised chemical applicators, Nano fertilisers and low emission engines will likely reach 50% adoption.
The adoption rates of these technologies will be influenced by the availability of infrastructure, social and
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environmental pressures as well as legislation imposed by various external stakeholders. Furthermore, the
Delphi revealed that the adoption of operator specific technologies is ongoing and progressive. The experts
concluded that the adoption of ergonomically friendly cabs had occurred in “2018” and in “2025” the
widespread adoption of simulation training and machine learning technologies can be expected. The Delphi
results further indicated that by “2025” real time monitoring of operations, stands and operators as well as
big data processing technology will reach 50% adoption. Despite several potential future technologies
identified in this study, advance human interface technology and remote control technologies were
identified as highly unlikely to be adopted in the future. Although one study is insufficient to completely
reorient the industry as a whole, this study has exposed key new relevant technologies that forest owners
need to be aware of when they plan for the future.

Keywords: Re-establishment, technology, silviculture, forecast
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Abstract: Determination of the stacked volume of log piles at forest roadside is decisive for further
logistics processes in Germany. Manual measuring of log piles is time consuming and precision of
volume determination is dissatisfying. Recently the use of mono camera systems on smartphone or tablet
devices therefore has been on the rise. According to German regulations measuring devices and their
legal use have to be certified by conformity assessment. Reliability and validity of log pile measuring by
mono camera systems have to be identified and major factors that might affect accuracy have to be
revealed.

In order to obtain information on the predictable accuracy of these new measurement systems, most
common products currently are tested in a round robin test and compared with a reference value.
Additionally the log piles will be rechecked by Dralle/AB's stereo camera as a benchmark system. The
baseline for the experimental set-up to determine the measurement accuracy has been the draft
requirements of the PTB (the National Metrology Institute of Germany) for photo-optical measuring
devices for the designation of front areas on log piles. Trial scope, evaluation and results of this test
procedure will be presented.
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Abstract: This paper presents the research of volume losses of processed sessile oak (Quercus petraea
(Matt.) Liebl.) butt-logs concerning the use of four different equations for assessment of timber volume. Log
volumes were analysed and compared considering Huber's, Smalian's, Riecke-Newton's equation and
Centroid sampling as opposed to the volume determined by the sectioning method. The test sample involved
225 butt-logs of sessile oak with the mean diameter ranging between 25 and 70 cm, i.e. 25 pieces in 5 cm
diameter classes. The research included: 1) accuracy (and suitability) of the equations for the assessment
of butt-log volume, 2) amount and structure of volume loss due to the prescribed method of measuring
diameter and length of butt-logs considering EN 1309-2:2006 (E) standard and 3) analysis of volume loss
due to undercuts, indicating that measuring butt-logs length from half of the undercut's height is
questionable. Smalian's equation overlapped the average gained by the sectioning method by 13.2%, the
Centroid sampling was down by 3.8%, Huber's equation downgraded by 6.6%, and Riecke-Newton's
equation did not show any deviation from the sectioning method. There was a statistically significant
difference between these volume measurement methods.

Keywords: sessile oak, volume equations, butt-log, diameter rounding, length rounding, EN 1309-2:2006

(E)

1. Introduction

There are many different round wood measurement and volume calculation rules in Europe based on
historical influences and traditions. Much sawmilling and forestry data are based on these differing rules.
European standards relating to dimensions of round timber date from 27 February 1997 (date of ratification)
and were superseded by several others. Today's valid standard for round wood measurement is the EN
1309-2:2006 standard (Round and sawn timber — Method of measurement of dimensions — Part 2: Round
timber — Requirements for measurement and volume calculation rules). This standard gives basic principles,
which are to be followed when drawing up round wood measurement and volume calculation rules. This
standard applies to the rules for measuring hardwood and softwood felled round timber. It does not apply
to tropical timber (https://standards.cen.eu, 2019).

In Croatia depending on the method of timber processing usually, tree length or cut-to-length (Fig. 1),
scaling of timber is performed either in the stand (cut-to-length method, chainsaw + forwarder) or on the
roadside landing site (tree length, half-tree length, chainsaw + skidder). Timber scaling is also regulated by
several regulations (by-laws) and standards that prescribe exact information of each produced log: tree
species, length, middle diameter, log volume, place (origin) of scaling and person responsible for timber
scaling which is in accordance with the EU Timber Regulation i.e. Forest Law Enforcement, Governance
and Trade (FLEGT) Action Plan.

As much as 60-85% of the cost of producing wood products can be in the purchase of logs, so it is essential
to fully understand the variables of the unit of measure used and to control its consistency and accuracy
(Fonseca 2005). According to Cavlovi¢ (2010) share of oak (both sessile and pedunculate) is at 23.03%,
and they together comprise to 108.75 million m* and they present, in economic terms, the most valuable
tree species in Croatia.
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Road-side landing Forest stand
— tree length timber processing method - - cut-to-length timber processing method -

Figure 1 Timber scalin

In theory, log volume is determined according to its similarity to a geometric 3D shape (Fig. 2) for example
cylinder, paraboloid, cone, neiloid that is dependent on tree species (broadleaved or conifers), part of stem,
age and management type (Patterson et al. 1993, Husch et al. 2003).

Top Cone of a paraboloid
Upper
stem

Frusta of a paraboloid
Stem
Butt-log Frustum of a neloid
Stump - L Cylinder

Figure 2 Stem parts with recommended geometrical 3D shapes for volume assessment (Husch et al. 2003)
Given the same basic inputs (diameter, length and wood defects) are used in different scaling methods, one
would assume that there is a good level of uniformity and harmonisation of methods; unfortunately, this is
not often the case (Fonseca 2005). Most commonly used equations for volume determination are (Fonseca
2005, Serti¢ 2012):

d2*m=L
= Huber’s v=gs*L = —a (1)
= Smalian’s v= @ * L 2
= Riecke-Newton’s v= % *(G+4+gs+9) 3)
= Bruce’s v=(025+xG+0,75%g) *L O]
s _ (3Giztg
= Hosfeld’s v= (T) L O]
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—g—bwl?
= Centroid sampling v=g=*L+ 172_1 * L2 + 173_2 * L3 by = %
et (@
2 = 2 e=1L >z | *L (6)
e @]
Where:
v — Volume, m®
L — Length, m

D — Diameter at large end of log, cm

d — Diameter at small end of log, cm

G - Cross-sectional area at large end of log, m?

gs — Cross-sectional area at mid-end of log, m?

g — Cross-sectional area at small end of log, m?

Gu3 — Cross-sectional area at 1/3 of log length from the large end of the log, m?

g. — Cross-sectional area at mid volume of log (m?) measured at a distance e from the large end of log.

Determination of the volume, according to EN 1309-2:2006 (E) standard is by using Huber's equation.
Huber's equation assumes that solid shape of the main bole of a tree or sub-sections of it are frusta of
second-degree paraboloids. For forms less than second-degree paraboloid (conoid, neiloid), the negative
bias would be expected (Wood and Wiant 1990). On the other hand, many authors (Wood and Wiant 1990,
Wood etal. 1990, Wiant et al. 1991, Wiant et al. 1992, Patterson et al. 1993) reported that centroid sampling
is applicable to mature tree species of both excurrent (confiers) and deliquescent (broadleaved) habit.
Centroid sampling, a variant of importance sampling (Gregoire et al. 1986) developed by Wood, Wiant,
Loy and Miles in 1990 is more costly than Huber's or Smalian's because it requires three diameter
measurements — one at each end and one at the centre of volume (centroid), but is no more costly than
Riecke-Newton's, Hosfeld's (Yavuz 1998) or Bruce's volume determination.

2. Materials and Methods

European standard EN 1309-2:2006 (E) defines measurements of length, diameter (over bark), weight
(round wood and stacks) and calculation of volume (round wood and stacks).
It prescribes the measure of the shortest length (accuracy of at least one centimetre), as the distance between
two parallel planes, one at each end of round wood where the full cross section is enclosed and
perpendicular to the longitudinal axis. Timber with an undercut or butt trimming should be measured from
the middle of the undercut or the butt trimming surface. The length is expressed in meters to one place of
decimal rounded down. If nominal length is required the length shall be rounded down to the nearest
nominal length.
The diameter should be measured at mid-length to an accuracy of at least one centimetre. The diameter
under bark should be measured. In case of over bark measure, conversion to a diameter under bark is
necessary. Measurements of diameter, expressed in centimetres, are rounded down to the nearest
centimetre. The arithmetic mean of two measurements is calculated and expressed in centimetres, rounded
to the nearest centimetre according to the arithmetical rounding rule.
Volume is calculated by Huber's equation and expressed in cubic meters to two or three places of decimal.
Ludolf's number (=) is rounded to four places of decimal (3.1416).
Butt-log is the portion of a felled tree from the butt to the first bucking cut. It is of largest diameter in
comparison to subsequent logs, in broadleaved species usually with expressed butt swelling and consecutive
taper. The research was conducted on 225 butt-logs of sessile oak (Quercus petraea (Matt.) Liebl.) ranging
in diameter classes from 27.5 cm to 67.5 cm in Forest Administration Office (FAO) Karlovac in the central
part of Croatia. The research was conducted in even-aged forests on the area of 179.77 ha with a rotation
period of 120 years in eight different sub-compartments. The most common tree species in this FAO is
European beech (Fagus sylvatica L.) at 50%, follow sessile oak at 13% and pedunculate oak (Quercus
robur (Matt.) Liebl.) at 12%, the share of conifers is at 7%.
On each butt-log, the following characteristics were measured:

1. Log length (L), expressed in metres and two places of decimal. Length was measured with a Stihl

forest measuring tape.
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2. Two diameters over bark at small end (d1, d»), large end (D1, D>), mid-length (ds1, ds2), at the centre
of volume (centroid) and on mid-length of each log section (d»s.1, d2s-2...), expressed in centimetres
and one place of decimal. Diameters were measured with a digital calliper Haglof Sweden AB
Digitech Professional.

For estimating log volume, four equations were used: Huber's (1), Smailan's (2), Riecke-Newton's (3) and
Centroid sampling (6).

Control group was defined with a sectioning method, where each butt-log was divided into sections of 50
cm length where two diameters were measured at mid-length. Volume was then calculated by Huber's (1)
equation.

Statistical analysis was done in Statistica 13.4.0.14 software and figures were edited in CorelDRAW X7
programme package.

3. Results

3.1 Butt-log length measurements

Minimal length of butt-logs was at 2.11 m and maximal at 7.98 m. The median value was at 4.02 m, which
is in accordance with previous research (Stanki¢ 2010).

Figure 3 shows that with the growth of mid diameter, butt-log length increased. The exceptions are diameter
classes 62.5 cm and 67.5 cm, which were from older forest stands (age 115 to 140 years) with many wood
defects (ring shake, heart shake, rot) and butt-logs were bucked and cut to shorter lengths so that second
logs could be classified in higher assortment classes. Maximal lengths were 6 and 8 m due to forest truck
and trailer loading area length respectively. One-way ANOV A showed a statistically significant difference
in some diameter classes (F = 6.9, df = 8, p < 0.001) and Tukey post-hoc test confirmed that the biggest
differences were in diameter classes 32.5 cm and 57.5 cm.
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Figure 3 Box-whisker of butt-log length values in all diameter classes
Taper of processed butt-logs ranged from 0.0 to 2.5 cm/m, with median value for all 255 logs at 0.9 cm/m.
mild increase is evident from smaller to larger diameter classes i.e. 0.7 cm/m at 27.5 cm diameter class to
1.3 cm/m at 62.5 cm diameter class. In diameter class 67.5 cm, the median value of taper was at 0.8 cm/m
due to the interaction of diameter and lengths of butt-logs.

3.2 Losses due to used equations for volume

Comparing volume values according to different equations and the sectioning method (Fig. 4) shows:
= Huber's equation gives the lowest negative values (average -6.0% =+ 3.6 standard deviation, median
at -6.0%),
= Smailan's equation gives the highest positive values (average 13.2% =+ 5.9 standard deviation,
median at 11.8%),
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median at 3.3%)

-0.0%) in comparison to the sectioning method.
35

Centroid sampling equation gives slightly higher values (average 3.8% + 3.1 standard deviation,

Riecke-Newton's equation is the most accurate (average 0.0% =+ 2.1 standard deviation, median at

30

25

20

o

—{ o H—

2 15 A W F I |T
% o o
£, L Lot | elell L1 2 | J g
QRSB RN ML U L AL
> -] k T 1O 1= of ~ T = = _ ”j 7|
0 A U A
o = o o ER o o -
-5 T W L | 4 i M -
L \ ‘ "‘ L ©  Median
15 4 & 1 25% - 75%
—T— Min. - Max.
@ 215 l 325 315 425 475 525 515 625 [ 67.5 ]
Diameter class, cm
Huber's equation

Smalian’s equation
Riecke-Newton's equation
Centroid sampling

Figure 4 Distinction in volume of butt-logs according to different equations
The discrepancy in gross volume of 225 processed sessile oak butt-logs from volume gained by the
sectioning method is shown in figure 5. A strong relationship between dependent and independent variable
(R? > 0.99) is evident. Root mean square error (RMSE) varied from 0.01 to 0.15, again being the most
favourable in Riecke-Newton’s equation. Repeated variance analysis showed statistically significant
difference (¥ =339.86, df =4, p <0.001) between several volume equations. Tukey post-hoc test showed
that there was no difference between Riecke-Newton's equation and sectioning method in volume of 225
oak butt-logs, while all other volume equations were significantly different.
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C A) Discrepancy of Huber's equation j C B) Discrepancy of Riecke-Newton's equation j
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Figure 5 Discrepancy in gross volume of 225 processed sessile oak butt-logs

3.3 Volume losses due to the prescribed diameter measurements

Measurements of diameter according to EN 1309-2:2006 (E) are rounded down to the nearest centimetre
that also showed its influence on volume losses:
= In Huber’s equation loss in volume ranges from -5.1% in diameter class 27.5 cm to -2.0% in
diameter class 67.5 cmi.e. -2.9% =+ 1.3% and with median value at -2.6% for the entire measuring
sample.
= In Smailan’s equation loss in volume ranges from -4.2% in diameter class 27.5 cm to -1.7% in
diameter class 67.5 cmi.e. -2.6% = 1.3% and with median value at -2.3% for the entire measuring
sample.
= In Riecke-Newton’s equation loss in volume ranges from -4.6% in diameter class 27.5 c¢cm to -
1.8% in diameter class 67.5 cm i.e. -2.8% + 1.4% and with median value at -2.7% for the entire
measuring sample.
= In Centroid sampling loss in volume ranges from -3.8% in diameter class 27.5 cm to -1.9% in
diameter class 67.5 cmi.e. -2.9% =+ 1.2% and with median value at -2.9% for the entire measuring
sample.
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Repeated ANOVA analysis showed a significant difference between volume losses due to the prescribed
diameter measurements (¥ = 6.2, df=3, p <0.001).

3.4 Volume losses due to the prescribed length measurements

Measurements of the length according to EN 1309-2:2006 (E) of timber with an undercut or butt trimming
should be measured from the middle of the undercut or the butt trimming surface. The length is expressed
in meters to one place of decimal rounded down. Losses due to prescribed length measurements are
classified into three categories:
= Length loss due to the measurement from the middle of the undercut or the butt trimming surface
for the entire sampling group was 4.8 + 2.9 cm, with median value at 4.0 cm and mod value at 3.0
cm.
= Length loss due to decimal round down for the entire sampling group was 4.6 + 2.9 cm, with
median value at 5.0 cm and mod value at 6.0 cm.
= Length loss due to prescribed length measurement of butt-logs for the entire sampling group was
9.4 + 3.9 cm, with median value at 9.0 cm and mod value at 9.0 cm.
The average loss in volume due to the prescribed measurement of butt-log length for the entire sample was
the highest at Centroid sampling at -2.6 + 1.4%, median at -2.7% and for the other three methods was
-2.3 + 1.2%, median at 2.3%.

4. Discussion

In most cases, butt-log is the most valuable log of a felled tree (when minimal dimensions define assortment
classes) which usually corresponds to “A” class of European standards or as it in Croatian case I or II class
of veneer (according to national standards still in use). On Croatian timber market, pedunculate oak and
sessile oak I and II classes of veneer together account to 42.48% of all veneer assortments together.
According to timber products' price list of the national company (www.hrsume.hr) which manages over
80% of national forests (Franjevic¢ et al. 2016), I. class veneer logs of pedunculate and sessile oak are 3.15
times more costly than European beech (the most common tree species in Croatia), 1.52 time more costly
than narrow-leaved ash and other ash species (Fraxinus angustifolia L. and other) and 4.33 time more costly
than hornbeam (Carpinus betulus L.).

C Pedunculate Oak (Quercus roburL) j C Sessile Oak (Quercus petraea (Matt) Liebl) j
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Figure 6 Prices of oak assortments in Croatia

In 2007 Porsinsky and Vujeva wrote about volume losses in European spruce (Picea abies (L.) Karsten)
due to the prescribed method of diameter and length measurements, Huber's equation and bark deductions.
The authors expressed their hope that the Croatian Standards Institute will revise new European standards
for Round and sawn timber — Method of measurement of dimensions in their application in Croatian
forestry, but unfortunately, until today this has not happened. Nevertheless, it should be mentioned that
even currently used national standards contain the same principles regarding methods of measurements
with one exception. According to Croatian national standards, diameter measurements are expressed in
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centimetres, rounded down to the nearest centimetre, and their arithmetic mean of two measurements is
also rounded down to the nearest centimetre — which leads to even more volume losses.

Even though some authors argue that Centroid sampling is a useful and more accurate alternative to other
standard volume equations (Wood and Wiant 1990, Wood at al. 190, Wiant et al. 1991, Wiant et al. 1992,
Yavuz 1998), this research indicated that Riecke-Newtons' equation is the most precise in terms of oak butt-
logs of approximately 4 m length. When comparing volume values according to different equations and
sectioning method (length of each section was 50 cm) Riecke-Newton's equation showed to be the most
accurate (average 0.0% = 2.1 standard deviation, median at -0.0%) in comparison to the sectioning method
with R? = 0.998. The reason why Riecke-Newton's proved to be better in this research is probably in the
average length of oak butt-logs (4.02 m) as oppose to logs in research of Wood and Wiant (1990), Wood et
al. (1990), Wiant et al. (1991), Wiant et al. (1992), Yavuz (1998) where average log length was 6 meters
and more.

One might argue that these losses are minimal and should be ignored, for what is 9.4 + 3.9 cm of length
losses in butt-log measurements, -2.9 +1.3% volume losses due to diameter measurements or -0.3% to
-16.9% volume losses due to the use of Huber's equation. However, if we take into account the law of large
numbers, the probability of butt-logs to be the most valuable logs of the tree and the most important
commercial species, if not all, these “small” losses in diameter, length and volume gain in significance.
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Abstract: Calculation of the volume of stacked round timber requires the measurement of stack
dimensions: the length, width, and height, as well as the use of a conversion factor (CF). CF use is necessary
in order to obtain the cubic metres (m3) of solid wood without bark and air in the stack.

Another way of calculating volume is to measure the top log diameter and the log’s length. Based on these
measurements, and with use of a formula, the log volume is obtained, ie. the sum of all the logs in the stack
giving the total volume, m3, under bark. This method is precise, however very time consuming.

The value of the CF mainly depends on tree species, and in general, is bigger when there is/are:

1) wood with larger diameters in the stack,
2) thinner bark,

3) dense stacking,

4) little crookedness,

5) accurate delimbing.

The value of the CF can also depend on tapering, snow and ice between the logs, logging waste (debris) in
the stack and the height of the stack.

Taking into consideration the above-mentioned parameters, the use of a standard CF for particular timber
assortment may not be accurate enough. Therefore, for each timber stack, an individual CF should be used.

The aim of this project was to develop a new application, Elektro WZ, which can be downloaded on a
smartphone and used in the forest for a quick evaluation of the CF for each individual stack. The application
was built for the android system (Google Tango platform). The CF calculation is based on a picture of the
front of the stack showing the top surfaces of the logs. The individual CF is calculated as the sum of the top
logs’ surface areas divided by the area within the picture frame.

The Elektro WZ application was developed in the spring of 2018 within the Elektro project financed by the
State Forests in Poland. In that time this product was probably the earliest development of individual CFs
calculated by an electronic device.

The widespread use of Elektro WZ should, in the future, improve the accuracy of stacked timber volume
calculation.in format is a desired attribute for papers included in the Proceedings of this conference. This
paper is written in the recommended format. It outlines the required page length, spacing, margins, font
sizes, headings, references, quotations and other aspects that lead to an appealing visual image.

313



FORMEC 2019 — Exceeding the Vision: Forest Mechanization of the Future

October 06th -10th, 2018. Hungary | Austria, Sopron | Forchtenstein

DEVELOPMENT AND VALIDATION OF A MEASUREMENT SYSTEM
USED TO CALCULATE THE DEBARKING PERCENTAGES OF
PROCESSED LOGS

Joachim B. Heppelmann'?, Eric R. Labelle!, Thomas Seifert®, Stefan Seifert’, Stefan Wittkopf?

! Assistant Professorship of Forest Operations
Department of Ecology and Ecosystem Management
Technical University of Munich
Hans-Carl-von-Carlowitz-Platz 2
D-85354 Freising
Germany

2University of Applied Science Weihenstephan-Triesdorf
Hans-Carl-von-Carlowitz-Platz 3
D-85354 Freising
Germany

3Scientes Mondium
Ruppertskirchen 5
D-85250 Altomiinster
Germany

joachim.heppelmann@hswt.de

Within an associated research project, the applicability and performance of modified harvesting heads
during the debarking of coniferous species was investigated, in order to evaluate the actual debarking
percentage of processed logs. As the monitoring and measurement campaigns needed to be imbedded
within economic and productive harvesting operations, off-site measurement systems (Laser-, X-Ray-, CT
— based, etc.) were not suitable. Therefore, a computer-based photo-optical measurement system designed
to assess debarking percentage was developed and offered the ability of processing large amounts of data
within a relatively short period of time. During live field operations, processed logs from a modified
debarking head were transported and placed on the forest road where a single picture per log was taken
with a reflex camera. The length and diameter of each log was also manually measured. With the single
log pictures as input, the photo-optical system calculated the overall debarking percentage by further
estimating the un-displayed part of the log surface. For the debarking measurements, polygons were
defined representing the different shares of the log surface (wood, outer-bark, inner-bark, covered, not
measureable). Those polygons were measured and translated to the log surface. By calculating average
debarking percentages of multiple log surfaces, a precise average debarking result was obtained.

Within the project, the system was used to evaluate the debarking results on 1720 single coniferous logs.
However, to test the precision of the developed measurement system, laboratory tests with a defined
artificial log and defined presented surface shares (75% wood and 25% bark) were carried out on an
additional 480 log measurements. The standard deviation was calculated for multiple average debarking
percentages based on increasing sample sizes (n=12, n=24; n=48, n=96). For all tested sample sizes, the
standard deviations of average debarking percentages remained within a 4% variation. By increasing the
sample size, the standard deviation was lowered resulting in a standard deviation less than 1% for n=96.
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The results also indicated a conservative calculated debarking percentages within the project were for
summertime, underestimating the achieved debarking percentages by 1.25%. Thus, laboratory tests
approved the validity and robustness of the 1,720 gathered field data and calculated debarking
percentages.

Keywords: debarking, debarking percent, debarking harvesting heads, photo optical measurement,
European forestry
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Abstract: We propose a simple formulation on investment and achieved improvement with regard to unit
amount of work. Two trial approach is presented. The first one tried to formulate the relationship between
unit cost or environmental load such as CO, emissions and energy consumption per amount of logging
residue and transportation distance. Generally larger scale transportation modes have an advantage over
smaller scale transportation modes. The mode transfer from smaller scale to larger scale can be
accomplished with an investment such as a setting of intermediate landing. In a case study, four
transportation modes were considered, i.e., light truck, 2t truck, 4t truck and 10t truck, with a loading by a
grapple loader at a landing. Results showed that the smallest mode (light truck) should be transferred to
larger scale modes less than 2 km while middle scale mode still has similar advantage as the largest mode
till around 10 km of transportation distance. The obtained formulation is then applied to the second trial,
which is on infrastructure development, i.e., improvement and/or construction of forest road network, and
broad-leaved tree harvesting. Three mode of extraction was set: manual, winching, and simple cable
system. The levels of infrastructure development were assumed as two: one with 2.5 m width road network
for small-scaled system for mini-forwarders and 0.25 m3 bucket-size class excavator-based machines, and
the other with 3.0 m width road network for 0.45 m3 bucket-size class excavator-based machines. In this
case, investment is construction of forest road network and unit of work is evaluated with logged tree volume
per ha. An application of the formulation suggested appropriate thresholds between the proposed systems.

Keywords: broad-leaved tree, logging residue, modal selection threshold, transportation, woody biomass
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Abstract: Harvest operations is one of the most expensive and crucial parts of forest management. The
cost of operational phases within an integrated harvesting system can vary depending on several stand
characteristics and machine attributes. Moreover, these factors typically drive the choice of machinery to
be employed. The main objective of this study was to identify the impacts of key factors that influence the
operating costs in different harvesting phases. The data was gathered from selected scientific studies
conducted in Europe and North America from the past 30 years. A total of ten studies and a minimum of
fifteen observations were utilized to generate regression models on major forest machineries including
feller-buncher, skidder, processor, slasher, and loader. This study attempts to review and analyze factors
affecting the cost of harvesting machines utilizing global sensitivity analysis with Monte Carlo simulation
and estimation of Sobol’s first order and total indices. Stand parameters such as density (trees ha-1), age
(vears), height (m), diameter at breast height (DBH) (cm), harvest area (ha) were considered independent
variables. Additionally, analysis was conducted to understand the impacts on costs from machine
attributes including purchase prices (US$), salvage values, economic life (vears), utilization rate (%),
and fuel cost (3/). The cost of all machines were discounted to present value. Preliminary results show
DBH as the most influencing factor impacting the felling cost amongst stand characteristics. Stand age
was also found to have a significant but relatively less effect on harvest costs. Among the machine
attributes, economic life and purchase price were the most significant factors but had minimal impact on
the overall harvesting cost. The results from the study are expected to provide stakeholders with robust
techniques to estimate harvest costs across a broad range of stand and site characteristics, thereby
developing a management tool for better decision-making and higher financial returns.
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Abstract: Soil bulk density, commonly measured with soil cores and expressed in g/cm?, has been the
preferred method of quantifying the physical impacts on soils caused during mechanized harvesting. Due
to inherent soil properties at the time of impact, extrapolating specific study results is difficult. To
circumvent this problematic, the use of relative bulk density (RBD), where field bulk densities are divided
by a maximum bulk density (obtained by the well-known standard Proctor test), is gaining popularity. RBD
can be used as a qualitative measure of the level of compaction. Since the field bulk densities collected from
the test sites are referenced to a standard, the results are normalized and can be compared between test
sites. Furthermore, a RBD threshold of 0.80 or 80% of the maximum bulk density, has already been
established as growth impeding for certain agricultural crops and seedlings of Douglas fir and sessile oak.

Because of the economic importance of Norway spruce (Picea abies (L.) H. Karst), we assessed the impact
of four RBD levels (0.67, 0.72, 0.77, and 0.82) on the above- and below-ground biomass response of
Norway spruce seedlings. The experiment consisted of using a customized seedling growth-monitoring
system comprised of 24 individual chambers (internal dimensions of 30.6 cm in length, 8.2 cm in width, and
42.0 cm in height for a total volume of 10.5 liters) each having one side constructed from 4 mm thick glass
to allow the visualization of the root system. Soil collected from a forest stand near Freising, Germany, was
used as testing substrate for the standard Proctor test and also within the chambers where the material was
compacted to the respective RBD levels in three equal layers. The soil moisture and density relationship,
expressed through the standard Proctor test, showed a maximum soil dry density of 1.611 g cm™ (dry unit-
weight of 15.80 kN m™®) achieved at an optimum moisture content of 18.9%. From this maximum dry density,
the following dry densities 1.08, 1.16, 1.27, and 1.32 g cm™ were targeted for RBD levels of 0.67, 0.72,
0.77, and 0.82, respectively. Once compacted, five seeds of Norway spruce were sown in each chamber
(total of 120 seeds) and growth was monitored for 156 days under controlled light and water conditions.
Following the monitoring period, 102 seedlings were extracted and analyzed.

Statistically lower root (48%), shoot (43%), and needle (43%) mass per seedling for seedlings growing on
the RBD 0.82 as compared to those growing on the RBD 0.67 were reported, thus indicating a clear trend
of negative growth impact as soil compaction increases. In general, the two lowest RBD levels revealed no
statistical differences, whereas statistical differences were observed as the RBD levels increased to 0.77
and 0.82. Given the importance of Norway spruce within the German forestry sector and the increased rate
of mechanized forest operations, results from the study highlight the need for additional research into the
complex machine/soil/plant interactions. This research also reiterates the need for controlled traffic
through pre-defined machine operating trails, in order to limit the spatial extent of soils exposed to high
RBD levels.

Keywords: root growth, soil compaction, soil health, standard Proctor test, sustainability
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Abstract: Due to careless operation during fuel production, considerable shares of mineral soil might be
added to wood chips leading to contamination of the biofuels. This can result in elevated gaseous and
particle emissions, corrosion or slag formation during combustion. To investigate this effect, ten wood
chip fuels were partly contaminated with mineral soil or were mechanically upgraded by screening or
washing using forest residues of coniferous wood. Contamination was done using three typical forest soils
in Bavaria (soil A to C). Total particulate matter (TPM) emissions increased for wood chips that were
contaminated with soil A and C compared to the reference fuel, while the emissions for wood chips
contaminated with soil B remained constant. For NOy emissions, no clear trend was detected. CO and
OGC emissions decreased for contaminated fuel assortments. Overall, the contamination of woody
biomass had a noticeable effect on pollutant emissions and should be therefore avoided.

Keywords: wood chips, fuel quality, contamination, combustion, emissions

1. Introduction

The contamination of woody biomass with mineral soil might have a substantial impact on the
combustion behaviour of the fuels due to an unsuitable chemical fuel composition. Chemical elements
that are considered critical for combustion of woody biomass are, for example, nitrogen (N), sulphur (S)
and chlorine (Cl). These elements can cause increased emissions of NOx, SOx or HCI. Other elements
such as potassium (K), sodium (Na), lead (Pb), zinc (Zn) and to a certain degree S and Cl influence the
amount of aerosols formed during the combustion process. Chemical elements are also critical in terms of
high temperature corrosion (S, Cl) or slagging (K, silicon (Si)) (Dietz, 2016b; Obernberger, 2015; Schon,
2014; Sommersacher, 2012). The concentration of these elements is typically low in wood as they mainly
occur in other organic (e. g. needles, bark) or inorganic sources (e. g. mineral soil) (Dietz, 2016b). Due to
careless operation during fuel production, high levels of mineral soil may be added to the fuels, e. g.
during the logging process, transportation, storage or fuel processing after storage (Kuptz, 2019; Zeng,
2019). Current studies reported up to 10 w-% of mineral soil in woody biomass (Dietz, 2016a). This may
lead to unwanted effects during combustion which can even result in a boiler shutdown. Mineral soils in
woody biomass could also be an economic disadvantage for the combustion plant operator if the
accounting of the delivered fuels is based on fuel mass (Dietz 2016b) or if more ash has to be disposed.
Furthermore, soil adhesion to the fuel will also raise mechanical stress in moving parts of the boiler and
will thus increase mechanical wear. The aim of this research was therefore to evaluate the combustion
behaviour of coniferous wood chips, which were contaminated with 5 and 10 w-% of mineral soil (dry
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basis, d. b.). The study included the identification and evaluation of potential damage to boilers (e. g.
slagging,) and of the environmental impact (e. g. emissions).

2. Material and Methods
2.1 Selection of mineral soils and wood

The project area was focussing on the state of Bavaria in Germany. Three different types of mineral soil
(soil A, B and C) were selected in order to represent large Bavarian forest growing regions of spruce with
high wood chip production (Figure 1, left).

Legend
® SoiA [ Tertiary Hils

@ Soi8 [ Franconian Keuper
@ SoilC [ Bavarian Forest

Figure 1: Left: Location of three different soil types. Each soil is representative for the considerable parts of the region (Zimmermann; 2019); centre top:

crushing with a concrete roller; center bottom: screening at 2 mm with a self-constructed vibration screen; right, from top to bottom: soils A, B and C;

Forest regions with a high amount of rocks were excluded because contamination with mineral soil is not
very likely in these areas. The following soils / regions were selected:

e Soil A: waterlogged loess/clay from tertiary hills
e Soil B: podsol brown soil above sandy-loam Franconian Keuper from northwest Bavaria
e Soil C: brown earth from weathered granite and gneiss substrates from the Bavarian Forest

The mineral soils were taken from the upper 30 cm, excluding the layer of humus. After sampling, each
soil was air-dried indoor at room temperature. After drying, each soil was homogenized manually. A
representative subsample of every soil was obtained by sample reduction. The respective subsamples
were crushed manually using a concrete drum (Figure 1 centre top). The drum was wrapped in cling film
to avoid contamination and rolling was done on a tarpaulin. Each soil was then screened mechanically to
a grain size of 2 mm using a self-made vibrating screen (Figure 1 centre bottom). This diameter
corresponds with the geological fraction-limit between fine soil and coarse soil fraction (Sponagel, 2005).
The screened and dried soils can be seen on the right in Figure 1.

The wood fuel was forest residue chips (FRC) of coniferous wood of Norway spruce (Picea abies) from
the same region as the mineral soil A. Every wood fuel used in the trials was produced from the same raw
material batch.

2.2 Mechanical upgrading and washing of wood chips

Three different methods for upgrading the fuel quality were performed on the wood chips prior
combustion. Two batches (moisture content: 15 w-%) of wood chips were screened with a self-
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constructed drum screen. One fuel portion was screened with a round hole diameter of 8 mm, the second
with a round hole diameter of 16 mm. A third fuel portion was washed to reduce mineral soil. The
washing was performed following the principle as used in the laboratory method of the BioNorm2-project
(Jensen, 2010), but the apparatus was drastically upscaled by constructing a large washing box (1 m X
0.725m x 0.715 m) of stainless steel. The cover and bottom plate of the washing box is completely
formed by a 2 mm round hole screen (Figure 2, left). An IBC tank with removed cover plate was used as
a water tank. The fuel portion was washed in three washing steps with 750 liters of tap water by
submerging and lifting the washing box into and out of the IBC tank using a fork lift (Figure 2, right).

Figure 2: Washing woodchips; left: washing box with FRC; right: lifting the washing box into and out of the IBC tank;

2.3 Contamination of wood chips with soil

By means of preliminary tests, different types of contamination of wood chips were evaluated. These pre-
tests revealed that the best reproducible method was to add the mineral soil to the wood chips
immediately before combustion by using a separate dosing screw (Figure 3), which feeds the soil into the
horizontal conveyor screw between storage tank and boiler. The dosing screw was placed on a scale to
adjust the soil dosing rate in accordance to the desired mixing ratio of soil material and wood chips. Two
different contamination levels (5 and 10 w-%) were consistently realized. In total ten different fuel
qualities were thus created and tested in the wood chip boiler (Table 1).

Storage tank

¥

Figure 3: Left: contamination of wood chips with a dosing screw into the screw conveyor. Right: closeup view of dosing screw
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Table 1: Nomenclature used for tested fuels

Fuels Mechanical treatment / contamination
FRC-RS Reference fuel, no treatment
FRC-W Washed
FRC-S8 Screened 8 mm
FRC-S16 Screened 16 mm
FRC-AS 5 w - % mineral soil A
FRC-A10 10 w - % mineral soil A
FRC-B5 5 w - % mineral soil B
FRC-B10 10 w - % mineral soil B
FRC-C5 5 w - % mineral soil C
FRC-C10 10 w - % mineral soil C

2.4 Fuel properties

Before combustion, fuel properties were determined according to international standards for solid
biofuels. Fuel moisture content was determined gravimetrically according to DIN EN ISO 18134-2 using
a drying cabinet (n = 3) (FED 720, Binder GmbH) immediately prior to the combustion tests.
Determination of particle size distribution was done according to DIN EN ISO 17827-1. Ash content
(n=3) was determined according to DIN EN ISO 18122 in a muffle furnace (Nabertherm GmbH). Bulk
density (n = 3) was determined according to DIN EN ISO 17828 prior to storage. Net calorific value was
determined using a calorimeter (C 2000 basic, IKA) according to DIN EN ISO 18125. All chemical
analyses were done by a pre-calibrated portable EDXRF device (Epsilon 1, Panalytical). The samples
were taken directly from the screw conveyor of the boiler immediately before and after the respective
combustion trial, and then homogenised to get a representative sub-sample for the whole batch. For ash
content, net calorific value and EDXRF-analysis, the samples were milled to a diameter of < 0.5 mm
using a cutting mill (Pulverisette 19, Fritsch GmbH) with heavy metal-free cutting tools. Based on the
element concentrations, specific fuel indexes were calculated in order to predict the ash melting behaviour
(molar (Si+P+K)/(Ca+Mg)-ratio), the theoretical risk for aerosol formation (Z(K, Na, Pb, Zn), NO-
emissions (N-content of the fuel) and K-release (molar Si/K-ratio) (Sommersacher, 2011).

2.5 Test stand and combustion trials

In total, ten different wood chip fuels were combusted (Table 1) in a moving grate boiler
(GUNTAMATIC Heiztechnik GmbH, Powerchip 20/30, constructed in 2010) which has a lateral fuel
insertion (Figure 4, left). The combustion tests lasted for at least 8 hours including a pre-heating phase
lasting for about 2 hours, which was followed by a 6 h full load operation before shutdown. The ash is
removed via the moving grate to a screw conveyor which transports the ashes into the ash box. A round
storage tank with a flat spring agitator and a screw conveyor was used as fuel feeding systems. To
determine the fuel consumption during combustion, the storage tank was placed on a platform scale
(Mettler-Toledo GmbH, MT KD600) with a resolution of 0.005 kg. Figure 4 (right) shows a schematic
drawing of the test rig and the arrangement of the measurement devices. The heat consumption was
permanently regulated to a nominal load of 30 kW following DIN EN 303-5. The gaseous components
CO, CO, and O, were determined using a single component analyser (ABB Automation GmbH ABB
A02020), NOx by a chemiluminescence detector (Eco Physics GmbH CLD 822 Mhr Analysator) and for
water vapour content, SOx, HCl and CH,4 an FTIR-analyser (Ansyco GmbH FTIR DX4000N) was used.
The recording interval for the continuous measurement was set to 10 seconds. The total particulate matter
(TPM) was measured following VDI 2066-1 applying a filtration temperature of 160 °C during sampling
and filter post-treatment. The boiler was operated at constant flue gas draught of -15+2 Pa as it is
suggested by the boiler manufacturer. The diameter of the flue gas duct and the connecting pipe was
150 mm. Flue gas velocity was continuously measured using a vane anemometer (Hontzsch GmbH,
7.525/25-7ZG4) positioned in a narrowed stretch of the measurement section with a diameter of 100 mm
(Figure 4, right). Prior to each trial, the combustion chamber, the heat exchanger and the fuel feeding
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system were completely cleaned using a vacuum cleaner, a brush and pressurized air. The storage tank
was filled with sufficient amount of fuel and the boiler was started and heated up to steady state operation
at nominal load (30 kW) within approx. 2 h. Then the measurements were performed over 6 h at nominal
load operation. Within this time period, the gaseous emissions were continuously recorded, but were
evaluated only for the duration of the TPM measurements. Five TPM measurements were performed
evenly distributed over the whole duration of 6 h each lasting for 30 minutes. All reported emissions refer
to dry flue gas at 0 °C and 1,013 hPa and are based on 13 % O,. All residues of the combustion tests were
carefully removed from the boiler and will soon be assessed regarding slag formation.

s
7 VDI 2066,
PM undiuted fue gas

Figure 4: Schematic drawing of the boiler (source: Guntamatic, left) and a schematic drawing of the test stand (right). T1 — T5=temperature

measurement points, v=velocity measurement, p=pressure measurement.

3. Results and Discussion
3.1 Fuel properties
The results on physical fuel properties are summarized in Table 2.

Table 2: Physical fuel quality parameters of the produced wood chips

(a. r. - as received, d. b. - dry basis, SD - standard deviation, n. c. — no classification)

Fuel Moisture Bulk. Ash content Net calorific P.arti.cle §ize Min.e.ral soil
content density value distribution addition
wop WS D Mikgarn ooy 00 whhdb,

FRC-RS 16.48 270 1.95 (£ 0.22) 17.97 n. C. 0

FRC-W 15.62 260 1.73 (£ 0.15) 17.66 n. c. 0

FRC-S8 14.79 240 1.35 (= 0.27) 17.82 P31s 0

FRC-S16 14.16 240 1.02 (= 0.02) 17.74 P31s 0

FRC-A5 13.13 270 5.35 (£ 0.77) 17.64 P45s 3.3

FRC-A10 15.06 280 10.53 (+x0.35) 16.96 n. c. 8.8

FRC-B5 15.00 270 5.13 (£ 0.99) 17.58 n. c. 5.0

FRC-B10 15.58 280 9.42 (£ 0.31) 17.27 n. c. 8.8

FRC-C5 15.36 280 6.15 (£ 0.47) 16.74 n. C. 4.0

FRC-C10 14.93 280 9.40 (+ 1.84) 16.52 n. C. 8.6
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Due to the previously performed technical drying of all wood chips, the moisture content of the wood fuel
used in the combustion trials was in a narrow range between 13.1 w-% (FRC-AS) and 16.5 w-% (FRC-
RS). All fuels largely differed in ash content. For the reference fuel, the ash content was 1.95 w-% (d. b.).
After mechanical upgrading, the ash content of the washed fuel portion (1.73 w-%) and of the 8§ mm
(1.35 w-%) and 16 mm (1.02 w-%) screened fuel portion were significantly lower compared to the
reference fuel (p <0.05, Student’s T-Test) due to the reduction of bark, needles or already present
impurities in the fuel. At the same time, the ash content of the reference fuel was significantly lower
compared to the contaminated wood chips (p < 0.05, single ANOVA (Tukey)). The actual share of added
mineral impurities in the fuels ranged from 3.3 to 8.8 w-% (d. b.). As expected, the ash content of
contaminated fuels was in the range of 5.13 to 10.53 w-% (d. b.) due to the addition of inert mineral soil
and, thus, much higher than the reference and the mechanically upgraded fuel portions. The bulk densities
of the mechanically treated fuel portions were significantly lower compared to the reference fuel due to a
higher porosity of the bulk material by removing small particles (p < 0.05, Student’s T-Test). The bulk
densities of FRC-B10 and FRC-C5 were significantly higher than the reference fuel (p < 0.05, single
ANOVA (Tukey)). The bulk density of the other contaminated fuel portion was constant or higher. The
net calorific value for the reference fuel (17.97 MJ/kg, a. r.) was higher than for all other fuels (16.52 to
17.82 MJ/kg, a. r.) due to no adding of inert material to the fuel (contamination) or due to no separation of
fine fuel particles with a predominantly higher net calorific value compared to wood (e. g. bark, needles)
by the mechanical treatments. All values of the reference fuel and the washed fuel portions met the
requirements of DIN EN ISO 17225-4 fuel class B1. Due to screening, ash content and bulk density were
decreased in the fuels FRC-S8 and FRC-S16. Thus, these fuels met requirements of fuel class A2. The
contaminated wood chips cannot be assigned to any class of the mentioned standard due to high ash

content. The results on the concentration of minor and trace elements and on fuel indexes are given in
Table 3 and Table 4.

Table 3: Concentration of minor- and trace-elements in all fuels (d. b. = dry basis)

Fuel Al Ca Cl K Mg Si P
mg/kg, mg/kg, mg/kg, mg/kg, mg/kg, mg/kg, mg/kg,

d.b. d.b. d.b. d.b. d.b. d.b d.b.

FRC-RS 799 4,529 183 1,518 493 5,125 377
FRC-W 506 4,131 153 1,067 409 3,534 332
FRC-S8 306 3,350 116 1,073 349 1,630 245
FRC-S16 214 2,669 91 977 330 1,063 200
FRC-A5 2,353 3,830 177 1,601 535 10,556 347
FRC-A10 6,024 4,322 179 2,171 600 24,771 384
FRC-B5 1,035 3,837 168 1,417 488 5,319 325
FRC-B10 2,577 4,251 173 1,945 528 10,474 351
FRC-C5 5,037 4,368 159 1,794 592 15,585 355
FRC-C10 5,953 4,256 171 1,933 615 18,368 370

One important fuel index regarding the combustion performance is the ash melting tendency which can be
estimated from the molar ratio of (Si+P+K)/(Ca+Mg+Al), the “slagging index”. The indexes which are
usually used for pure wood fuels and the Al concentration in the soil of the contaminated wood chip
might be very high while ash melting temperatures might be increased. With regard to the Al-content of
the soils (soil B: 46,630 mg/kg to soil C: 82,220 mg/kg) the (Si+P+K)/(Ca+tMg+Al)-ratio might be
preferred for predicting ash melting behaviour of such fuels (Mack, 2019). This index should be low in
order to avoid severe slagging (Sommersacher, 2013; Brunner, 2015; Mack, 2019). The index decreases
with washing and screening. For contaminated wood chips the index is somewhat higher than for the
reference fuel, but differences are not extreme. However, this indicates that slagging problems during
combustion of contaminated fuel should be higher in tendency. For every soil the slagging index of 10 w-
% contamination is higher than for the 5 w-% variant. A lower ash melting temperature is expected with
increasing contamination.

Regarding the K-release, the contaminated wood chip fuels showed distinctly decreased molar Cl/Si
ratios compared to reference and to the mechanically treated wood chips. All tested soils have a high
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content of Si, so this effect was expected (Brunner, 2015). Thus, the total particle emissions of
contaminated fuels were expected to be reduced.

Regarding the part of sum of aerosol forming elements (K and Zn only, since element contents of Na and
Pb are too low to be detected by EDXRF) the reference fuel contained 1,561 mg/kg. The mechanically
treated fuels are in the range of 977 to 1,073 mg/kg. The contaminated fuels were partly in the same range
as the reference fuel and partly considerably higher. Therefore, the prospective total particle emissions
from the mechanically treated fuels should be the lowest, followed by the reference fuel and the 5 w-%
mineral soil variant. The highest TPM emissions are expected from the 10 w-% contaminated fuels (2,171
mg/kg FRC-A10). Since only two elements are considered, only an initial assessment can be made.

To detect mineral soil in wood chips the Al/200 or Fe/Mn index was used (Dietz, 2016b). If the indexes
are > 1, presence of mineral soil is suspected. Following the Al/200 index, every fuel appears to have
been contaminated with mineral soil. One explanation might be, that Al is a lightweight element and hard
to measure with an EDXRF. On the other hand, there is a clear upward trend in contaminated fuels. So it
has to be considered, that the raw material (FRC-RS) has been slightly contaminated with mineral soil
from the beginning and therefore a higher Al-content. For further conclusions, the results from the also
performed ICP element analyses need to be evaluated (still due). Compared to the Al/200-index the
Fe/Mn-index seems in this case better suitable to detect mineral soil impurities. The reference fuel, the
washed and the screened fuels are all < 1, while the contaminated wood chips are > 1. One exception is
FRC-B5. An increase and partly doubling can be seen by 10 w-% contamination.

Table 4: Fuel indexes calculated for all fuels (d. b. = dry basis)

Parameter (Si+P+K)/(Ca+Mg+Al) CI/Si ¥ (K, Zn)" Al/200 Fe/Mn

mol/mol mol/mol mg/kg. d. b. mg/mg mg/mg
FRC-RS 1.4 0.03 1,561 4.0 0.5
FRC-W 1.2 0.03 1,067 2.5 0.3
FRC-S8 0.9 0.06 1,073 1.5 0.2
FRC-S16 0.8 0.07 977 1.1 0.2
FRC-AS 2.1 0.01 1,601 11.8 1.3
FRC-A10 2.7 0.01 2,171 30.1 3.3
FRC-B5 1.5 0.03 1,417 5.2 0.5
FRC-B10 1.9 0.01 1,945 12.9 1.1
FRC-C5 1.9 0.01 1,840 25.2 3.8
FRC-C10 2.0 0.01 1,981 29.8 5.0

Y Na and Pb cannot be detected by EDXRF

3.2 Combustion trials
3.2.1. Gaseous emissions

CO is the leading indicator for incomplete combustion. These emissions from the use of reference fuel
were approx. 134 mg/m® (Figure 5, left top). Highest CO emissions were recorded for the 16 mm
screened fuel with 222 mg/m?®. No effect from fuel washing was found. For both screened fuels, CO
emissions were significantly increased compared to the reference fuel (p < 0.05, Student’s T-Test). The
lowest values were measured using the fuel which was contaminated with 10 w-% mineral soil A
(19 mg/m?®). All contaminated fuels had lower CO emissions as the reference or the mechanically
upgraded fuels (mean 19 — 94 mg/m?). Thereby, increasing levels of contamination of every soil had a
decreasing effect on the CO emissions.

The emissions of the organic gaseous carbon (OGC) are shown in Figure 5 (right top). The highest OGC

emissions were detected for FRC-S16 (2.7 mg/m?). The lowest value was measured for wood chips
contaminated with 5 w-% of soil A (FRC-AS5: 0.3 mg/m?®). Washing significantly decreased the OGC

326



emissions compared to the reference fuel (p < 0.05, Mann-Whitney-U-Test). For the contaminated wood
chips, no clear trend was observed between the 5 or 10 w-% contaminated fuels or the different soils. This
was also due to the generally very low level of OGC as it is typical for automatically fed boilers. The
values are in the bottom range of the FID.

NOx emissions were between 187 mg/m® and 276 mg/m® on average (Figure 5, left bottom). The highest
NOx emissions were detected for FRC-A10. The emissions decreased with screening compared to the
reference fuel (p < 0.05, Student’s T-Test) as needles and bark particles that are generally rich in nitrogen
compared to wood were removed. For the contaminated wood chips, no clear trend could be observed
between 5 or 10 w-% contaminated fuels or the different soils.
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Figure 5: Combustion trials; left top: CO emissions; right top: Org.-C emissions; left bottom: NOx emissions; right bottom: total particle matter (TPM)
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3.2.2. Total particulate matter emissions (TPM)

Total particulate matter (TPM) emissions are summarized in Figure 5 (right bottom). The reference fuel
led to 58 mg/m* of TPM during full load operation. These values exceed the German threshold of
20 mg/m?, for TPM emission as defined in the 2™ stage of 1. BImSchV (BMJV, 2010). The highest TPM
emission were detected for wood chips contaminated with 10 w-% soil C (122 mg/m?) and the lowest for
the washed fuel (43 mg/m*). The TPM emissions of the washed fuel were significantly lower than the
reference fuel (p< 0.05, Student’s T-Test) but still above the limiting value of 20 mg/m3. For
contaminated wood chips, no clear trend was observed. The emission of FRC-AS5, FRC-A10, FRC-C5
and FRC-C10 were higher than the reference fuel. In contrast, the TPM emissions of FRC-B5 and FRC-
B10 were on a similar level or lower than the reference fuel. As shown in Table 4, the preliminary index
for aerosol forming elements decreases with mechanical treatment. Also the effect of increasing TPM
emission for soil A and soil C was also indicated by the index. Regarding the CI/Si index, the results are
indifferent. For further interpretation the ICP values of all elements of the wood chips and the mineral soil
need to be seen.
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4. Summary and conclusion

The following conclusions can be drawn from this investigation:

Washing and screening yielded in significantly reduced fuel ash contents, while on the other side the
deliberate contamination by soil raised the ash content, as expected. Contamination also showed
effect on the calculated fuel indexes which are commonly used for predicting fuel related
combustion hazards. Other differences were observed for the concentration of chemical elements in
the fuels due to mixing of wood with mineral soil, especially for values for silicon, aluminum and
potassium. The highest net calorific value was measured for the reference fuel.

Washing significantly reduced OGC and TPM emissions while there were no other improvements
by washing on CO or NO, emission compared to the reference fuel.

Careless operation during fuel production, e. g. during logging, chipping or transportation, might
lead to contamination of wood chips and, thus, to problems during combustion. All trials with wood
chips that were contaminated with mineral soil resulted in a high amount of boiler ash and,
according to the indexes, elevated slag formation is expected (data not shown). The boiler provided
30 kW constant full load operation during every trial. However, severe slagging and too high shares
of ash might cause problems for other boilers without a moving grate and can even result in a boiler
shut down.

The CO emissions decrease with addition of mineral soil. No clear trend could be identified
regarding NOx emissions for contaminated wood chips but a reduction was observed for
mechanically upgraded wood chips via screening. For CO, the legal requirements of the current
national emission thresholds of the German Federal Emission Control Act (1. BImSchV) were met.
The TPM emissions increased with soil contamination (soil A and C) or remained constant. To date
it remains unclear whether this effect is completely caused by thermochemical effects in the fuel
conversion process or if it might also be explained by any direct entrainment of soil particles into the
flue gas stream.

5. Outlook

Several analyses and trials in the research are still ongoing. The following specific cases and open points
will be analysed and published in a scientific paper:

Complete chemical analyses of the soil and interpretation of chemical reactions in relation to the
emissions, including a stoichiometric calculating of the mass fraction.

Quantification of the ash of the combustion trials, including the amount of slag formation and slag
characterization by granulometric analysis.

Comparison of slagging degree, sintering phenomena and pollutant emissions with fuel indices.
Combustion trials with energy round wood chips according to the same experimental design.
Combustion trials with beech and spruce pellets from stemwood in a separate boiler (15 kW).
Identification of reasons and origin of elevated TPM emissions via particle composition analysis.
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Abstract: During the past years, energy revolution has been a controversial subject of discussion even in
general public, as wood chips of forest biomass are still an important part for heat and power production
in Bavaria. The aim of our research was to quantify the effects of biomass-harvesting methods on nutrient
and biomass exports. The idea is to decide during the planning process of logging which harvesting
method is the most suitable for each site with regard to nutrient saving and biomass gain. We tested two
approaches. The quantification of nutrient and biomass export and saving on wood chip samples and on
tree based mass sum curves of tree compartments. Mass sum curves of tree compartments can be used if
element concentrations of tree compartments, as branches and brushwood, are available for the
particular stand or the region of interest. Frist results and the use case indicate that this method is a
promising approach. The quantification of nutrient and biomass export and saving calculated on wood
chip samples allow a relative comparison of harvesting methods and bucking. The disadvantage is that
chemical analyses of the wood chips have to be available. Whenever we produced wood chips of roughly
delimbed energy round wood instead of supplying wood chips of whole coniferous crowns, we observed a
reasonable nutrient saving effect. Our data make us conclude, that the choice of harvesting method leads
to a considerable nutrient savings potential.

Key words: biomass export, nutrient export, harvesting method, roughly delimbed energy roundwood,
forest residues

1. Introduction

During the past years, energy revolution has been a controversial subject of discussion even in general
public, as wood chips of forest biomass are still an important part for heat and power production in
Bavaria. A considerable issue that is often referred to biomass supply from forest biomass of whole
spruce crowns is the sustainability of nutrients. To answer various questions about this controversy, the
Bavarian State Institute of Forestry has launched a research project called “Nutrient preservation using
the technique of roughly delimbed energy roundwood” (Schulmeyer et al ,2016, Dietz et al., 2018
unpublished). Experienced practioners developed this process for poorer sites to leave more branches on
the site to maintain nutrient sustainability. The aim of our research was to quantify the effects of biomass-
harvesting methods on nutrient and biomass exports. The idea is to decide during the planning process of
logging which harvesting method is the most suitable for each site with regard to nutrient saving and
biomass gain. We tested two approaches. The first approach is to get information about the biomass
export for different harvesting methods like full mechanized harvesting and motor-manual harvesting for
forest residues and roughly delimbed energy round wood referring to different bucking diameter.
Therefore we used mass output of wood chip production and carried out element analysis. The second
approach is to use tree based mass sum curves of tree compartments to detect the expected biomass and
nutrient export.
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2. Material and Methods
We examined four spruce-dominated stands in Bavaria representing conditions with low nutrient levels
(Table 1). At three of the site harvesting operations took place (Zusmarshausen = Zus, Silberbach = Silb ,

Lauenstein = Lau).

Table 1: Areas of investigations representing Bavarian sites with low nutrient levels.

geology/soil soil site area [ha] |pro rata of forest area [%]
cambisol 1,7
molasse Zusmarshausen (Zus) 46.200
loamy-sandy
foundation rock, cambisol ) ) 0,7
) ) Silberbach (Silb) 17.600
granite, gneiss loamy -sandy
foundation rock cambisol 0,8
. . Wappenberg (Wap) 21.000
granite, top layer sandy, silty
foundation rock cambisol ) 0,7
i i Lauenstein (Lau) 17.500
schist, graywacke silty, sandy

We carried out a precise biomass inventory on each stand. Two different approaches of nutrient saving
were tested. Firstly, quantification of nutrient export respectively nutrient saving, investigating wood chip
quantities and element content of testing areas. Secondly, quantification of nutrient export respectively
nutrient saving regarding representative reference trees representing site, stand und removals.

2.1 Quantification of nutrient and biomass export and saving on wood chip samples

2.1.1. 'Wood chips production and sampling

The wood chips used for investigation were produced at the forest road from roughly delimbed energy
round wood and forest residues (whole crowns). At each of the three sites comparable individual
harvesting areas for producing the above mentioned assortments were marked. At Silberbach motor-
manual harvesting was used, at Lauenstein and Zusmarshausen full mechanized harvesting took place.
The diameter of breast height (dbh) of all trees marked for felling was measured. Tree height and crown
starting point was registered for every fifth tree (using Haglof Vertex 111 bzw. Vertex V). Bucking limits
diameter (bld) from sites with motor-manual harvesting often differ from those of full mechanized
harvesting. During the chipping process representative wood chip samples were taken.

2.1.2. Sample preparation

Wood chip samples from roughly delimbed energy round wood as well as from forest residues were
collected form the sites Zusmarshausen and Silberbach and were brought to our laboratory for chemical
analysis and water content measurement. The samples were dried at 60°C (Kap. 1.2.1 Konig, 2014) and
then sample division (DIN EN ISO 14780 modified Kuptz et al 2018) took place so that four subsamples
were obtained. One subsample was used to quantify water content, one for chemical analysis, one to be
washed applying BioNorm 2 (Daugbjerg-Jensen et al 2010, Dietz et al., 2016) and one used as retain
sample. Washing of wood chips (BioNorm2, Daugbjerg-Jensen et al 2010) intends to remove
contamination with mineral soil from the wood chips. After washing, the sample was dried again at 60°C.
The dried sample was shredded and milled (Kap. 1.3.1 Konig 2014). Digestion with microwaves
(uPrep-A, Fa. MLS Mikrowellen-Labor-Systeme, Leutkirch) was carried out according to Kap. 3.2.3
Konig (2014) to get the chemical content of the wood chips. Finally the element content (major- and trace
elements) was measured using ICP- AES (Optima 4300 DV, Fa. Perkin Elmer, Rodgau) or ICP-MS
(75001, Fa. Agilent, Waldbronn).
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2.1.3. Evaluation and Calculation

At none of the investigated sites the two harvesting methods full mechanized and motor-manual were
carried out concurrent. Regular logging operations had to be observed without any influence of the
applied harvesting method. Consequently, different bucking limits for each harvesting method occurred
for each stand. To compare the theoretical values of motor-manual and full mechanized logging at the
same site wood chip mass for each particular harvesting method had to be calculated. At Silberbach full
mechanized, at Zusmarshausen and Lauenstein motor-manual harvesting output had to be calculated
using the same bucking limit (Silberbach 18 cm, Zusmarshausen 14 cm). For the calculation technical
additional delimbing (Riebler et al, 2019) was considered as well. It was expressed as percentage biomass
per crown biomass. In the case of harvesting whole crowns (forest residues) for conversion form full
mechanized to motor-manual, in the terms of figures, the biomass of the technically caused additional
delimbing mathematically has to be left at the stem (3). For the reverse calculation, this biomass has to be
removed from the stem by way of calculation (4). In the case of roughly delimbed energy round wood it
is necessary to consider the remaining branch and twig biomass on the bottom side of the stem, since it is
not turned if delimbing manually. As consequence this biomass has to be added to convert biomass output
from full-mechanized to motor-manual harvesting (1). For reverse calculation it has to be removed (2).
The technical additional delimbing could be neglected because it is assumed that the spindle breakes at 5
or 3 cm and might not be overrun by the harvest head. This had not yet been tested and therefore we
included the additional delimbing in our calculation (1, 2 second term).

roughly delimbed energy round wood

My = My * (1-my) - (M Mg * M) 6]

My = My *(14my) + (Mg * Mg * my) 2
whole crowns (forest residues)

My = My * (1-Mq) 3

My = Mgy, *(1+Hmyg) 4

where my,,, is biomass (atro) of wood chips harvested motor-manual, mg, is biomass (atro) of wood chips
harvested full mechanized, m, is remaining branch biomass at the bottom side of the stem (atro in pro rata
m of crown biomass (atro)) and my, is technical additional delimbing (atro in pro rata of crown biomass

(atro)).

The measured element concentrations were registered and listed separately for full mechanized and
motor-manual harvesting. In a second step the element concentrations were multiplied with the dry
weight of the harvested biomass (atro) obtained from wood chip production per ha. That way information
of the element content per ha could be received. The combination of harvesting whole crowns (forest
residues) using full mechanized harvesting methods achieves the highest export of biomass and nutrients.
Thus in a third step all exports and savings were expressed as a percentage of this combination. The
original element content of the different tree parts used for production of wood chips from energy round
wood (stem and bark from the spindle) and forest residues (stem and bark from the spindle, branches,
twigs and needles) were considered as different (motor-manual and full mechanized) harvesting methods
were converted to each other. At Silberbach a drum chipper “MusMax Wood Terminator WT 10 Z”, at
Lauenstein a “Heizomat HM 14-800 K” and at Zusmarshausen “Eschlblock Biber 92 were used.

2.2 Quantification of nutrient and biomass export and saving on tree based mass sum curves of tree
compartments

2.1.1 Identifying reference Trees

Inventory random sampling was carried out at predefined grid resolution. The survey of the harvesting
skid trail was performed using GPS and compass. To estimate the basal area and other important
silvicultural key facts the angle count sample (ACS) was used (Bitterlich, 1984). For each tree inside the
sample circle dbh, the distance to the circle center was detected, even the “social status” (Kraft’sche

332



Klasse) of the tree was recorded. Besides from five trees of each tree species total height and the height of
the first green branch were measured using a Haglof Vertex IV. The reference trees had to be
representative for the stand just as for the removing trees, frequency distribution of dbh and social status
were determined. This way a selection of potential reference trees was created and then safety proved for
tree climbing. The safest trees were selected to take samples.

2.1.2 Sampling

The whole crown, branches and brushwood, was removed whorl by whorl by tree climbers. The cut-off
branches were thrown down on a cover below the tree to avoid contamination with soil material which
might falsify the element content of the tree compartments. The branches were cut at diameter of 1 cm.
Branch material below diameter of 1 cm was defined as “brushwood”, material bigger than 1 cm diameter
was defined as “branch material”. The material was separated and weighed once directly at the site (Dini
Argeo STG100; 50 kg + 0.01 g) and for a second time at the laboratory. To calculate the dry weight of the
tree compartments (branches, twigs, needles, bark and wood) the water content was determined (DIN EN
ISO 18134-2, Konig 2014). Sample-branches for chemical analyses were taken circumferential the stem,
starting with the first green branch of the crown. Every second or third whorl, a sample-branch was taken.
The sample-branch was separated into branch material and brushwood as well. To gather information
about the element content and the chemical composition of stem wood and bark, six stem discs were
taken at three different heights (above the felling cut, at about 10 m height and at height of the bucking
limit) after cutting. Three of them were used for chemical analyses and the others to detect density of
wood and bark. Furthermore, the stem diameter was determined every two meters up to bucking limit.
Above that between every whorl, the measured height was noted. At all sites the height of each whorl was
measured. At Silberbach and Lauenstein the cut stem was used, at Roding und Zusmarshausen the
measurement was carried out at the standing trees.

2.1.3 Sample Preparation

After drying at 60 °C the separation of twigs and needles took place. Branch length and diameter at each
ending of the branch were measured. Of each branch part proportional branch volumes were taken as
subsample for chemical analyses. The wooden material, bark and twigs had to be shredded before milling.
Just like as with the wood chips a microwave digestion was carried out (Konig 2014). To calculate bark
and wood density the volume of fresh stem disc samples were determined using diameter gauge and and
referred to their dry weights.

2.1.4 Evaluation und calculation

For each reference tree biomass (atro) was calculated for each sample branch separately for branches,
twigs and needles. In the same manner each whorl and the whole crown were treated. Then the biomass
of each compartment was expressed as percentage of the biomass of the particular compartment of the
whole crown. Moreover the whorl height also was calculated as percentage of the total height of the tree.
Graphs of mass sum curves for each compartment were created presenting the percentage of mass sum to
percentage of height sum at whorl height (Figure 4). For biomass export or the remaining biomass during
harvesting the bucking limit is relevant, assuming that the crown mass above is extracted for terms of
biomass production. Using dbh and tree height the decrease of the diameter by increasing height can be
calculated. Thus, tree height and relative tree height of the bucking limit was determined. Using the
relative height of bucking diameter, the mass curve diagram can be applied to get the relative mass sum of
the branches or brushwood above and below the bucking limit. This method has an inaccuracy, for whorls
which are not allocated continuously around the stem. There is a gap between the whorls at the stem.
When harvesting crown biomass the cutting of the crown is located in that gap. That means in fact, that it
would be necessary to know which whorl exactly is above or below the gap. In practice for estimating the
export or remaining biomass of the removed trees the mean mass curve or the mean curve of tree groups
can be used. In this case there are so many different whorl heights that the mean mass curve could be
considered as continuous. To calculate the mass sum curves the reference trees were exactly sized. During
the regular harvesting process this effort could not be made. Minimum data for calculation were defined.
While harvesting tree height (standing tree or cut down tree), height of the bucking limit, height of the
crown starting point and dbh could be measured. If mass sum curves are available for the stand or a
comparable stand they can be used to estimate relative biomass export or biomass residues. Moreover
nutrient saving per kg dry weight could be calculated as well for compartments like branches and
brushwood (see K-use case below).
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3. Results

3.1 Quantification of nutrient and biomass export and saving on wood chip samples

The technical additional delimbing by the harvesting head, depending on the site and bucking diameter
ranged between 27 and 31 m% of the crown biomass. 5 to 10 % of the stem roundness is not delimbed at
the bottom site of the stem using motor-manual harvesting. A comparison of the wood chip yield and
their element content takes all compartments usually utilized for wood chip production even spindle of
the top and stem parts with wood decay into account in contrast to the estimation based on mass sum
curve. But chemical analysis of the wood chips had to be made. This can only be carried out after
harvesting and chipping. Forecasts could only be made for comparable stands with similar growing
conditions. Setting wood chip production of whole spruce crowns as our reference value straight
compared to the biomass supply of roughly delimbed energy roundwood, we determined 40 to 53 % less
biomass (kg dry matter/ha) using fully mechanized harvesting methods and 52 to 66 % for motor-manual
harvesting (Figure 1). Silberbach (Silb) differs from the others because of the lager bucking diameter of
18 cm (minimum diameter of saw logs) compared to the others with 14 cm.

biomass saving pro ha ,rw to fr

66%
53% 54% 52%
43% 40%
b b
Silb Lau Zus
mm Bfm

Figure 1: Export reduction (saving) of biomass by ,,roughly delimbed round wood* (,qrw) and
»Hforest residues (fr, whole crowns)“using motor-manual (mm) and full mechanized harvesting (fm)
at the sites Silberbach (Silb), Lauenstein (Lau) and Zusmarshausen (Zus). “b”marks the calculated

cases, not-marked bars show the field data.

Focused on nutrient export per kilogram dry biomass per ha, the higher nutrient-content of branches and
needles shows an outstanding nutrient saving opportunity. In general the export of nutrients was lowered
between 63 % and 95 % (kg dry matter/ha). Nutrient saving is lower using full mechanized harvesting
methods than motor-manual harvesting. Nutrient saving is lowest for micro nutrients as Zn (63 %), Cu
(66 %) and the trace element As (66 %) using full mechanized harvesting methods. For K as an emission-
building element the export could be reduced up to 73 %. For other important nutrients as P, Mg and Ca
the export can be reduced at least by 82 % (P), 76% (Mg) and 70% (Ca) (Dietz et al. 2018 unpublished).
Best but not important for plant nutrition is the reduction for Al, Fe and Na. Under certain aspects as
emission building element the reduction of Na up to 95 % could be important (Figure 2).
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Figure 2: Pro rata export for ,,roughly delimbed round wood* including spindle referring to forest
residues (whole crowns) at the site Zusmarshausen. Full mechanized (large symbols) and motor-
manual harvesting (little symbols) are compared. Data refer to washed wood chips (dry weight per
ha). Elements aluminum (Al), arsenic (As), boron (B), calcium (Ca), iron (Fe), potassium (K),
copper (Cu), magnesium (Mg), manganese (Mn), molybdenum (Mo), natrium (Na), phosphor (P),
sulfur (S) and zinc (Zn).

The assortment forest residues (whole crowns) gives the worst balance between biomass saving and
nutrient export, because the biomass export is the highest of all investigated harvesting methods as well as
the nutrient export. Therefore this combination of assortment and harvesting method was used as
reference for the others. Forest residues harvested full mechanized save from 31 m% (b. bld = 14 cm) to
27 m% (b. bld =18 cm) more of the crow biomass (Figure 3.) compared to forest residues harvested
motor-manually (KRmm). Hence nutrient export is reduced as well. Depending on the kind of element,
saving it is always higher than biomass saving. Seen from the opposite perspective, biomass export
release is always less than nutrient saving.
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Figure 3: Comparison of pro rata biomass and nutrient saving (figures on top) and nutrient export

(figures below) of different harvesting methods as full mechanized forest residues (KRvm), motor-

manual roughly delimbed round wood (GGmm) and full mechanized roughly delimbed roundwood
(GGvm). Forest residues (fr) motor-manual harvesting (mmKR).

Roughly delimbed energy round wood harvested full mechanized (GGvm) has the highest saving effect.
The saving effects increase with increasing bucking limit. In Silberbach the bucking limit diameter (bld)
is 18 cm, in Lauenstein 14 cm (Figure 3). The effect of biomass- and nutrient saving was expected
because wooden biomass from the stem - spindle in contrast to biomass from other crown compartments
as branches and brushwood is more relevant with increasing bucking limit. The nutrient content of
biomass from the stem normally is lower than those from branches and brushwood. The efficiency of
nutrient and biomass saving only increased marginally for roughly delimbed energy round wood using
full mechanized instead of motor-manual harvesting (Figure 3).

3.2 Quantification of nutrient and biomass export and saving applying mass sum curves of tree
compartments

3.2.1 Mass sum curves of branches and brushwood

mass sum curve branches mass sum curve brushwood
(needles and twigs)

100% [ 100% e
3
2 80% 7 80%
g 219 2
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Figure 4: Mass sum curve for branches (left) and brushwood (right) for the site of Zusmarshausen.
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The method used estimates the biomass and nutrient export respectively the biomass and nutrient saving
for different assortments like roughly delimbed energy round wood and whole crowns (forest residues).
Mass sum curves of brushwood and branches were calculated for the site of Zusmarshausen.

Table 2: Sum of pro rata tree height of the reference trees at Zusmarshausen at bld (cm).

bucking limit (bld) in cm group
tree number 18 14 11 7 54 number
279 0,76 0,83 0,87 0,93 0,96 1
258 0,69 0,74 0,81 0,89 0,95 2
214 0,69 0,76 0,84 0,91 0,95 2
204 0,47 0,63 0,74 0,87 0,95 2-3
264 0,67 0,75 0,91 0,97 3
235 0,65 0,74 0,87 0,94 3
mean 0,65 0,71 0,79 0,90 0,95

Table 3: Pro rata mass sum of branch material referring to the whole crown of the reference trees
at Zusmarshausen at bucking limit (cm).

bucking limit (bld) in cm group
tree number 18 14 11 7 54 number
279 0,76 0,88 0,95 0,99 1,00 1
258 0,30 0,64 0,83 0,95 0,98 2
214 0,50 0,73 0,79 0,97 1,00 2
204 0,02 0,26 0,59 0,91 0,99 2-3
264 0,20 0,37 0,89 0,98 3
235 0,09 0,30 0,76 0,96 3
mean 0,40 0,47 0,64 0,91 0,98

trees at Zusmarshausen at bucking limit (cm).

Table 4: Pro rata mass sum of brushwood material referring to the whole crown of the reference

bucking limit (bld) in cm group
tree number 18 14 11 7 5-4 number
279 0,59 0,75 0,88 0,97 0,99 1
258 0,19 0,36 0,54 0,63 0,98 1-2
214 0,26 0,53 0,76 0,94 0,99 2
204 0,00 0,26 0,37 0,81 0,97 2-3
264 0,06 0,18 0,80 0,97 3
235 0,01 0,28 0,55 0,91 3
mean 0,26 0,33 0,50 0,78 0,97

The sum curves cluster so that groups (1 to 3) could be detected (Figure 4). Some trees shift between the
groups e.g. tree number 204 for tree height, branch and brushwood pro rata biomass (Table 2-4) and tree
number 258 only for brushwood pro rata biomass (Table 4). For each group a single mean curve could be
drawn. Analyses and investigations how the groups can be characterized by tree properties are still
ongoing. At the moment the mean curve is used for further analysis concerning the removing trees.

3.2.2 Use case K-export of different harvesting methods

Chemical analyses of biomass at the site Zusmarshausen are not available yet. A use case was created
using the K-content of Silberbach. There, the average K-content of branches for the reference trees is 800
mg/kg and for brushwood 3000 mg/kg (dry weight). If bucking limit diameter is 14 cm, above that
roughly delimbed energy round wood is produced up to stem diameter of 7 cm. The tree top above 7 cm
can be left at the site or used to produce wood chips as well. The use case was applied for tree number
258. For properties and mass sum of branches and brushwood see Table 2-4.
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Table 5: Use case K-export of different harvesting methods; spindle and branches. Branch stumps are
not jet considered in this use case. (export by harvesting (white), remaining at the site (grey)

use case crown without no harvesting roughly roughly forest residues
spindle delimbed delimbed (whole corwn)
round wood round wood
without tops with tops
bucking limit diameter 14
diameter tree top 7
material biomass | K | biomass | K | biomass | K | biomass K
[m%] | [mg] | [m%] |[mg] | [m%] |[mg] | [m%] | [mg]
below branches (br) 64 512 | 100 (br) | 3000 | 95 (br) | 2650 | 64 (br) | 1592
bucking brush wood 36 1080 36 (bw)
limit (bw)
between branches (br) 31 248 36 (br) | 2208
bucking brush wood 27 810 63 (bw)
limit and (bw)
top
top branches (br) 5 40 5 (br) 1150
brush wood 37 1110 100 27 (bw) 64 (bw)
(bw) (bw)

Harvesting roughly delimbed energy round wood, almost the whole crown biomass (without spindle) and
nutrient content are left at the site (Table 5). The harvesting of wood chips produced of roughly delimbed
energy round wood including the tree top above diameter of 7 cm, exports 5 % of branch biomass and 27
% of brushwood; 95 % and 63 % are left at the site. If forest residues above top diameter including tree
top are harvested for wood chip production 36 % of branch biomass and 64 % of brushwood is withdrawn
from the stand. Normally braches from the stem are used for building a brush mat in case of fully
mechanized harvesting. The calculation of the export of K per kg biomass dry weight for forest residues
results in 2208 mg, for roughly delimbed energy round wood, including tree top inl1150 mg. With regard
to 1 t (dry weight) wood chips produced from forest residues 2.2 kg K were exported and in case of
roughly delimbed round wood only 1.1 kg. Not included are spindles with diameter thicker than 7 cm and
stem parts with wood decay.

4. Conclusions and Outlook

Quantification of nutrient and biomass export and saving, applying mass sum curves of tree
compartments can be used if element concentrations of tree compartments, like branches and brushwood,
are available for the particular stand or the region of interest. Frist results and the use case indicate that
this method is a promising approach. Further investigation and calculations have to prove this. During the
harvesting process data as tree height, cutting diameter and cutting height as well as the base diameter of
the tree top, the height of the first green branch are necessary to collect. The development should be
focused on collective properties of the tree groups and the investigation of further sites. If there are
comparable results for the mass sum curve and the classification of tree groups, the use of this method
could be extended. Ongoing analyses and evaluations have to be completed to receive more information.
Comparing harvesting methods concerning nutrient saving, it is important to find the best balance
between biomass yields and nutrient saving. The quantification of nutrient and biomass export and saving
on wood chip samples allow a relative comparison of harvesting methods and/or bucking. The
disadvantage is, that chemical analyses of the wood chips have to be available. This can only be carried
out after harvesting and chipping. Forecasts can only be sufficient for comparable stands with similar
growing conditions, soil and climatic conditions. In this case nutrient saving and biomass yield in
dependence of the harvesting method and sorting can be considered already in the planning stage of the
harvesting process. Whenever we produced wood chips of roughly delimbed energy roundwood instead
of supplying wood chips of whole coniferous crowns, we observed a reasonable nutrient saving effect.
Our data make us conclude, that the choice of harvesting method leads to a considerable nutrient savings
potential.
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Abstract: Forestry machines are at greatest risk of sliding on steep slopes when soils are essentially
saturated. In soil mechanics, this situation is defined as the $=0 condition. Values of c(¢=0) were
calculated for a western Oregon forest soil from previously published data and soil water potentials
wetter than -10 kPa. The distribution of pressure and soil contact for a rigid-track were calculated and
combined with values of c(¢=0) to determine the net soil resistance. The value of c(¢=0) at saturation
ratios of 0.8, 0.7, and 0.6, were 87, 155, and 287 kPa, respectively. As the value of c(¢=0) decreased,
an uncontrolled, sliding failure was estimated to occur at slopes between -39 and -67 percent. When
average track pressure and c(¢p=0) were equal, a sliding failure was expected at a slope of -29 percent.
Terramechanics models and coefficient of friction do not apply to track-soil interactions in the ¢$=0
condition.

Keywords: ¢=0 condition, terramechanics, coefficient of friction, unsaturated soil mechanics

1. Introduction

Using ground-based harvesting equipment on steep slopes is becoming more common because it is safer
for workers and generally less expensive than cable systems (Visser and Stampfer 2015). Hence, oper-
ating large, rigid-tracked harvesting machines on steep slopes, with or without tethering, are becoming
the preferred method of harvesting in mountainous terrain, especially in western North America and New
Zealand (Sessions et al. 2017; Visser and Berkett 2015). Loss of traction on steep slopes is a major issue
because of the risk of machines sliding downslope and turning over (Visser and Stampfer 2015). Turning,
high slip, and repeated passes of ridge-tracked machines on steep slopes often destroys the tractive sup-
port of the slash mat and forest floor, as well as the underlying root mat, which results in a machine
becoming dependent on the shear strength of the soil at the track-soil interface.

Soil wetness and slope are the two factors dominating soil shear strength at the track-soil interface. It is
this complex interaction that determines the risk of a machine sliding downslope. There are currently
two approaches to estimating the impact of soil wetness on a soil’s resistance: 1) reducing the coefficient
of friction, CoF, for wet soils (Hittenbeck, J. 2013; Visser and Stampfer 2015); and 2) using Bekker’s
(1962) terramechanics models of machine, soil, and slip-sinkage relationships (Sessions et a. 2017;
Belart et al. 2019). These approaches are not valid when the soil at the track-soil interface is saturated,
or becomes essentially saturated when the soil at the track-soil interface is compacted. Essentially satu-
rated soils are common because some air is trapped in the pores of compacted soil. Two examples are:
the separation between a soil compaction curve and the zero air voids line in soil compaction test; and
the low air-filled porosity of soil after forestry machines traffic wet soils (McNabb et al. 2001).

1.1 Objective

The objective is to describe the soil mechanics of machine-soil failure for a rigid-tracked feller-buncher
operating on wet soil that is compacted until the soil is essentially saturated. An example of soil failures
will be given using the machine specifications recently published by Sessions et al. (2017), and adapta-
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tion of surface forest soil shear strength and a consolidation/compressibility model for different soil den-
sities and wetness for an interior Coast Range forest soil in western Oregon (McNabb and Boersma 1993,
1996).

1.2 Background

Bekker’s (1962) terramechanics models were primarily developed using lateral earth pressure theory
from foundation engineering, but applied it to top soils (Reece 1964). Bekker also developed his own
instruments and protocols for measuring soil strength, which could also be used in the field. He reported
soil strength as having two components: cohesion, c, and a frictional component, ¢. The simple equation
to described soil strength is

T=c+o *tan ¢, (1)

where 7 is soil strength and o is the normal force. The equation is the same as used in soil engineering;
hence, Bekker also used soil engineering concepts to describe the soil failure process. In Equation 1, the
normal force acts perpendicular to the slope while shear force acts perpendicular to the normal force.
Hence, soil strength becomes a soil resistance force acting parallel to the slope.

In soil engineering, the values of ¢ and ¢ are obtained by conducting soil engineering tests on several
samples of the same soil at increasing initial values of . These tests are only done on drained undisturbed
soil cores or when the values of ¢ have been corrected for changes pore water pressure (Das 2013). In a
triaxial test, the test of each sample is defined by a Mohrs circle (dashed lines, Fig 1). The dashed line
tangent to a series of increasing Mohrs circles defines the shear strength of the soil at failure. The cohe-
sive value of soil strength, c, is defined as the intercept of the failure line when o is zero. The slope of
the dashed line is the angle of internal
Vo friction, ¢. To clarify the ambiguity be-
T=c+o*tan ¢ (Eqnl) P - tV\{een the dl'fferenF Valu'es ofcand ¢ ol?-
- tained in soil engineering tests and his

- ~ terramechanics measures of  soil

-7 A strength, Bekker (1969) later stated une-
. quivocally that it was unwarranted to as-
2" 94 ; \ C \ sume that values of soil strength
- " r N ! \ 1 obtained with a bevameter were the
S : same as those obtained using soil engi-
Normal Force (6), kPa ——— neering tests. Clay soil mixtures, and
particularly natural clay soils, were also

_.l L_ Shear Force (1), kPa
[q]

Fig 1. Mohrs circles and soil failure line (dashed | ted in the devel tof
lines) for drained soil strength, Eqn 1, and for un- poorly represented i the development o

consolidated-undrained tests of saturated soil (solid terramechanics models. Consequently,
lines, Eqn 2) soil wetness was also poorly integrated

into his models. Hence, it soon became a
common practice to reduce the value of ¢ to represent the shear strength of wet clay soils in terrame-
chanics models (Reece 1964). This practice continues to be done (Sessions et al. 2017; Belart et al. 2019).
Values of ¢ as low as 6 degrees have been used for forest soils when the values of ¢ for saturated forest
soils in the Pacific Northwest obtained using soil engineering tests are greater than 30 degrees (Schroeder
and Alto 1983; McNabb and Boersma 1993).

Bekker (1962) focused exclusively on drained soils because his models included a sinkage component,
but it is not clear how much was due to compressibility, compaction, of the soil versus soil displacement.
Only twice was ¢ mentioned as having a value of zero and it was with regards to ideally plastic clays
and snow. At which time, the shear strength was defined as being equal to ¢

T=CcC. (2)
Wong (2008) later reinforced the point that Eqn 1 did not apply to saturated clay soils. For the latter

soils, Eqn 2 applied but with minimal elaboration. His explanation for focussing on Eqn 1 was that
“...most of the trafficable earth surface generally have both cohesive and frictional properties...”.

341



The values of ¢ in Eqn 1 cannot be used in Eqn 2; however, only Reece (1964) explicitly state that a
quick-test (an unconsolidated-undrained triaxial test) was the appropriate method for defining ¢ when

clay soils are saturated. This test is also referred to as the $=0 condition. In an unconsolidated-undrained
triaxial tests, the soil density remains constant in the absence of drainage and the grain-to-grain soil
contacts responsible for soil strength remains unaffected (Mitchell 1976). Hence, the value of soil
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Fig 2. Failure curves as a function of 7 (y axis) and ¢ (horizontal
axis) for wet, partly saturated soils at four saturation ratios

(Casagrande and Hirschfeld 1960)

strength I the ¢=0 condition
is also constant.

Casagrande and Hirschfeld
(1960) confirmed that com-
pression of a soil at high
saturation ratios can pro-
duce the $=0 condition (Fig
2). In their example, curves
were fit to several Mohrs
circles, which showed 1 as
a function of ¢ (Fig 2). The
value of t initially in-
creased with the increase in
o until the air in the soil had
been compressed to a satu-
ration ratio, SR, approach-
ing 1. SR is a measure of

relative amount of air-filled-pore space in a soil, and the total volume of soil voids. At such time, the
curve became asymptotic; this is indicative of the ¢=0 condition. The ¢=0 condition is also illustrated in
Figure 1 as a series of Mohrs circle of the same diameters (solid lines). Hence, soil strength in the ¢=0
condition is the radius of the Mohrs circles, which is the value of cohesion, c(¢=0) that must be used in
Eqn 2. Furthermore, Eqn 2 is only used when a soil is saturated, or is essentially saturated. The latter
same condition also applies to wheels or tracks compacting a wet soil until only trapped air remains
(McNabb et al. 2001).

Based on the example of Casa-

grande and Hirschfeld (1960), as e FTITITE tan(32.9%) - ' 1

the saturation ratio, SR, de-

creases, the inherent soil strength G S

of the initially drier soil requires a <

larger value of 6 to compress the -g, 300 |-

soil until the curve become as- &

ymptotic (Fig 2). As a result, soils (“?, 200 (-

of a lower SR will have higher <J SR = 1.00 :

values of c(¢p=0) as longas the soil ¢ | l P \.\ =088 |
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example of how a series of Mohrs ~ . Ok i N o

circles at different SRs, which had 0 0 100 200 300 400 500 600 700

been compressed until essentially

Normal Stress, kPa

saturated, would appear relative
to the drained shear strength at
failure line is shown in Figure 3.

Fig 3. The c(¢=0) values of soil strength for an essentially
saturated soil compressed at a initial SR between 0.55 and 1
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2. Materials and Methods

The values of c(¢p=0) for a range of saturation ratios was estimated for a soil similar to the soil for which
Belart et al. (2019) reported a rigid-track harvester had slid down a 38 percent slope in western Oregon.
Five values of c¢(¢=0) were estimated for the Jory soil based on a nonlinear model of soil density as a
function of normal stress and saturation ratio, the drained shear strength of saturated soil, and the volume-
weight relationships among soil density, specific gravity, soil water content, and air-filled porosity of the
Jory (McNabb and Boersma 1993, 1996; Das 2013). The Jory soil is a clayey, mixed, mesic Xeric Hap-
lohumult; it is a mature soil found in the lower foothills along the east side of the Coast Range Mountains
in western Oregon. The soil is a clay loam and classified as an MH. The undisturbed soil density was
0.992 Mg/m?, and had a specific gravity of 2.44 Mg/m?. At a soil water potential of -10kPa, soil water
content was 0.30 Mg/Mg, and had a saturation ratio of 0.58.

Undisturbed soil cores had been collected from the 7-12 cm depth, which was near the middle of the
topsoil horizons; soil water content ranged from nearly saturated to dry when collected. A nonlinear
model of soil density as a function on ¢ and SR was developed from one-dimensional consolidation tests
(n=140, McNabb and Boersma 1996). Twenty-three of the samples were saturated and subsequently used
in a direct shear test to measure the drained shear strength: ¢ was 15 kPa, and ¢ was 32.9° (McNabb and
Boersma 1993), For the five values of SR, in Fig 3, o was estimated by calculating the soil density at
which the soil would be essentially saturated soil for the respective SR. The value of t for each value of
o was estimated from the drained soil shear strength, and the ¢(¢=0) of soil strength estimated from the
Mohrs circle and soil strength relationships in Fig 1.

The maximum force exerted pm the leading and trailing edge of the rigid-track, and length of track in
contact with the soil were recalculated for these analyses using the same machine dimensions and weight
of a feller-buncher as Sessions et al. (2017). For a rigid track, the change in force along the length of the
track in contact with the soil was assumed to be linear (Reece 1964).

When the track pressures were all less than the c(¢=0) value of soil strength, a stationary machine had
not fully engaged the available soil strength and was not in the $=0 condition. Whenever the track pres-
sure was greater than the c(¢=0) value of soil strength, the track-soil interface along that length of track
was assumed to be in failure. For all track force less than the c(¢=0) value of soil strength, the machine
was not fully engaging the available soil strength, and when values of all track force were greater than
¢(¢=0). All three factors decrease the stability of the machine.

3. Results

A rigid-track feller-buncher exerts an eccentric force on the soil when the boom, stick, and felling head
without out a tree is fully extended (Sessions et al. 2917). In this configuration and on level terrain, the
rear edge of the track is not applying force to the soil (Fig 4). When oriented down-slope, the maximum
force exerted by the front edge of the track

600
increases several-fold. During uphill travel, § \
e o % 500 .
the distribution of force on the soil is nearly
constant as a slope of +50 percent. These are 400 or- kPa
all static forces on the soil, which changes B .00 or kP
. . . - - —=Pr- a
when the machine is working to fell trees or  §
. . 5 200 ——x0
thrust is required to move on the slope (Lysne e
and Burditt 1983). g 1% T - -
L S PN L AT
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compression of unsaturated soil is seldom a Slope, percent

consideration when the shear strength of soil  Fjg 4, Maximum track force at front, P, and
is calculated (Fig 1). However, an increase in rear, Py, edge of track, and length of track, Xo, in

soil density is required for increasing grain-  contact with soil as a function of slope for an
to-grain contact required to increase soil  yptethered machine
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a0 ' ' . ' e kpg = | strength (Mitchell 1976; McNal?b and Bo-
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S sl {113 tion to increase soil strength and how soil
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(McNabb et al. 2001). This range of soil

Fig 5. Soil strength, c¢=0, and soil density as a water potential coupled with the range of
function of the saturation ratio saturation ratio would have had a minimal

impacted on the soil strength un saturated
soil (Bishop and Blight 1963). Hence, the increased in soil density is the dominant factor responsible for
the increase in soil strength, but the increase is always limited by the air-filled porosity of the soil at the
time of trafficking.

Bekker (1962) and Wong (2008) recognized the following equation as quantifying the maximum thrust,
or total soil resistance, that wet soil could provide

TSR =c(¢=0) *2 * W * L (3)

where L is track length and W is the width of one track; the value of soil strength has to be ¢(¢=0), and

not ¢ used in Eqn 1. TSR is also the maximum soil resistance preventing a machine from sliding
downslope. TSR will frequently have to be reduced for the wide range of forces that exist at the track-
soil interface because of machine geometry and slope (Fig 4), and for the effect that differences in soil
wetness has on ¢(¢=0) (Fig 5). As a result, three scenarios are required to calculate the amount of the
¢(¢=0) soil strength that the area of track in contact with the soil engages (Fig 6). The direction of travel
and slope were the two additional site-specific factors determining the value of the engaged soil re-
sistance, ESR;, for each value of ¢(¢=0). The three scenarios are: a) track pressures less than c(¢=0); b)
track in full contact with the soil but the pressure under one section of the track exceeded c(¢=0); and c)
only part of the track was in contact with the soil and consequently, the track force exceeded c(¢=0) (Fig
6).The correct scenario ultimately depends on the direction of travel, felling head extension, slope steep-
ness, and how the track force interacts with the value of ¢(¢=0). When the track is not fully in contact
with the soil, L is preplaced with the length, X, (Fig 6c).

The engaged soil resistance, ESRi, is the amount of the total soil resistance that the track can engage.
The unengaged soil resistance, USR, is the amount of the TSR that the machine does not engage when
the track force is less than the value of c(¢p=0) (Fig 6a). In this situation, the USR can be used for the
work and movement of the machine. USR also occurs when the track force are eccentrically distributed
and some values of force is less than the value of ¢(¢p=0) (Fig 6b,c). This USR may only be engaged if
some minor sinkage of the track occurs in a stationary position.

The line defined by ‘be’ in Figures 6b,c is the length of track where the track-soil interface is in a state
of failure. This failure plane is at the bottom edge of the grousers. Another way of thinking of the track-
soil failure plane is conceptually similar to a shallow translational landside where the machine acts as a
surcharge on the shallow failure plane. However, as a surcharge on the failure plane, the track force
greater than ¢(¢=0) is an unengaged machine force, UMFy, . The original machine downslope force, M-,
assumes that the machine normal force Mg, is fully engaging the total soil resistance. This does not occur
in the $=0 condition because the value of c($=0) is constant and excess M, produces an additional
downslope force. The excess M is the UMFy, ¢ in Figure 6b,c.
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Fig 6. Diagrams illustrating the three sce-
narios for the track pressure-soil resistance
¢(¢=0) interface

The average track pressure of this machine is approx-
imately 67 kPa. For an initially saturated soil, no in-
crease in soil density is possible; hence, a ¢(¢=0) value
of 67 kPa results in the minimum slope angle for this
machine to slide of -29 percent. However, at a c(¢=0)
of 67 kPa, the machine would be immobile regardless
of slope because of the eccentric distribution of track
pressures (Fig 4). This machine will not be stable on
slopes over -65 degrees regardless of whether c(¢p=0)
is higher because of the small area of track in contract
with the soil (Fig 4). Belart et al. (2019) recently re-
ported that a feller-buncher of this size slid downslope
on a soil similar to this soil at a slope of -38 percent.
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Whenever the sum Mt and the downslope com-
ponent of UMF are greater than the engaged soil
resistance, ESR, the machine is assumed to be in
a state of a sliding, bare earth failure. The sliding
of a machine also assumes that the forest floor
and root system is no longer able to provide ad-
ditional soil resistance because it has been re-
moved or damage by previous track slip.
Therefore, a machine sliding on bare earth is the
worst-case scenario, which results following
high wheel or track slip.

The difference between ESRi and the sum of the
downslope forces is the net soil resistance, NSR.
When the value of NSR is negative, the machine
is assumed to be in a state of a machine sliding
failure at the track-soil interface. For values of
c(¢=0) of 87, 155, and 287 kPa, the correspond-
ing slope angles at which the ESR is equal to the
downslope forces are -39, -56, and -67 percent,
respectively (Fig 7). A machine can be quasi-sta-
ble at slightly lower angles if sinkage of the ma-
chine is able to engage some of the USR, but any
movement or rocking of the machine could read-
ily disengage the USR thereby causing a machine
to slide. Whenever a machine starts to slip, the
machine is assumed to disengage from the USR,
regardless. This disengagement process for an
untethered machine is probably responsible for a
machine accelerating downslope once a station-
ary machine starts to slip. Such acceleration con-
tributes to the momentum that a sliding machine
needs to plow through slash, forest floor and tree
roots further down the slope.
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Fig 7. Net soil resistance is dependent on
the ¢(¢p=0) value of soil strength and
slope when traveling downslope. Nega-
tives values are indicative of a sliding
failure.
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Fig 8. Downslope travel as a function of the restraining force that tethering machines and as-
¢(¢=0) when a sliding failure is anticipated sociated cable systems must provide to stabilize a

machine on a steep, wet soil. Additional force is re-
quired to allow the machine to effectively move and work.

4. Discussion

The cg=o values of soil strength have not been measured in surface soils because the engineering design
requirements for this specific measure of soil strength is generally only measured when positive pore
water pressures are anticipated on construction projects at depths of 2 to 20 m (Vardanega and Bolton
2011). Unfortunately, Reece (1964) was the only person that recognized saturated cohesive soils required
a different method for measuring the cohesive strength of soil. These results confirm that the value of
¢(¢=0) increases exponentially with decreasing saturation ratio (Fig 5). While soil density is responsible
for the increase in soil strength, soil density is not a particularly reliable method for quantifying the
increases in the value of ¢(¢=0). For a SR of 0.80, soil density only increased about 10 percent; hence,
small increases in soil density could be indicative of a soil at high risk of failure, but only if the ¢=0
condition can be assumed. Furthermore, the feasibility of collecting a sufficient number of samples to
reliably analyze soil density in this situation is very low (McNabb et al. 2001).

The ability to engage the USR is uncertain on steeper slopes. The engagement and effectiveness of the
USR is most likely associated with maintaining an intact forest floor, and its relationship in maintaining
an intact root system. Hence, maintaining the forest floor has many ecological and operational values.
Deep slash mats and forest floors effectively spread track forces over a larger area of mineral soil, which
significantly reduces the peak values of track pressures transferred to the underlying soil surface (Labelle
et. al. 2015). Reducing the maximum values of track pressure on soil reduces the unengaged machine
force on soil, which is an important factor reducing machine stability (Fig 6b,c). Soil strength is also
increased by the root network (Wu 2013). Hence, terramechanics models that assume high slip is of
value in increasing soil traction (Bekker (1962; 1969) can readily destroy the added value that the forest
floor and root system have for increasing the effective soil resistance. Finally, sinkage of a track is high-
est at the point where the track force on the soil is highest (Reece 1964). For the feller-buncher, this is
the leading edge of the track when operating downslope (Fig 4). If the machine starts to slide, the rear
section of the track is expected to disengage from the USR because the leading edge of the track as
already compacted the soil. Hence, c(¢=0) values of soil strength without consideration of the USR have
been used for estimating the risk of soil failures because a bare earth failure is assumed to be the worst-
case situation.

In the ¢=0 condition, the failure plane is assumed to occur at the grouser edge of the track-soil interface,
because grousers will sink quickly and fill with the soft soil. After working with a model tracked ma-
chine, Reece (1964) questioned the use of the Rankine geometry of soil strength and displacement in
terramechanics models. Field experience concurs with his observations as well. The increases in soil
density with increasing soil depth (McNabb et al. 2001) would also increase soil strength, which should
also focus the location of the failure plane to a thin layer of soil below the grouser edge. Hence, the
failure plane when a machine is sliding could be as thin as 1 cm.
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Negative soil water potentials have long been an important parameter added to Eqn 1 when calculating
the effect that changes in soil water content have on unsaturated, soil strength (Bishop and Blight 1963).
Unfortunately, the related theories have not been refined enough to be used to solve many practical
problems (Lu et al. 2014), such as this problem. An important issue is the approach does not consider
how soil water potential and soil compaction interact to affect unsaturated soil strength. The measure-
ment of soil water potential in the field with a handheld tensiometer has confirmed when soils were drier
than about  -15 kPa, forest soils were not significantly compacted by wide-tire skidder (McNabb et al.
2001). However, tensiometers are less likely to be sensitive enough to measure the small differences in
the range of -10 to 0 kPa that these data show are important. Furthermore, values of soil water potentials
are not easily related to the air-filled-porosity of soils.

The angle of internal friction of 32.9° for the Jory soil is high compared to other cohesive soils (Mitchell
1976). Hence, values of ¢(¢=0) for the Jory increases at a faster rate as the saturation ratio decreases (Fig
3) than the value will when weaker soils are compacted across the same range of saturation ratio. There-
fore, the inherent drained shear strength of soil is an important factor determining the c(¢=0) value of
soil strength. An equally important factor according to these data is the effect that the decreasing satura-
tion ratio has on the value of c(¢=0) (Fig 5). How saturation ratios of different soils vary at soil water
potentials is wetter than -10 kPa is poorly understood, and several components are required to measure
it.

The measurement of air-filled-porosity, units are m3/m?>, is proposed at the most efficient and effective
method of assessing the impact of changing soil wetness on the value of ¢c(¢=0). However, air-filled-
porosity of soil is rarely measured (McNabb et al. 2001). Higher the air-filled-porosities will allow the
wet soil to be compacted to a higher soil density, and consequently, a higher value of ¢(¢p=0). Most
importantly, air-filled porosity can easily be measure in the field, the mean values of air-filled-porosity
are much smaller than those for soil density, and their standard errors of measurement are lower than for
soil density (McNabb et al. 2001).

The ¢=0 condition is also responsible, or a major contributing factor, for machines causing deep ruts on
level terrain, particularly those ruts that develop after as few as one pass of a machine. Deeper ruts will
quickly form in soils with minimal differentiation among horizons when the value of ¢(¢=0) remains
relatively constant with increasing depth, or drier soil is encountered. These types of ruts are a form of
bearing capacity soil failure (McNabb 1993), and more precisely defined as a punching soil failure (Vesic
1963; Das 2013). In soil engineering, punching soil failures produce minimal lateral displacement of the
soil. In forest operations, the soil displaced by skidder wheels rises upward along the sidewall of the tire,
and a relatively intact forest floor can sometime be found in the bottom of the rut after one pass. These
types of ruts are appropriated described as bearing capacity ruts in contrast to ruts developing from many
cycles of wheel or track slip and sinkage. Managing operations to reduce the latter is probably more
likely.

Changing terrain, soil, and weather become important issues affecting machine mobility, operability, and
stability when air-filled-porosity of wet soil limits the compaction required to increase soil strength in
the ¢=0 condition. The interaction of precipitation amount and frequency with terrain and soil are the
primary issue. Although overland flow seldom occurs on the surface of most undisturbed forest soils, the
downslope, saturated flow of water in and over one or more mineral soil horizons is common. Anytime
there is a temporary, saturated zone in a soil profile (perched watertable), there is also a phreatic zone of
water extending upward at a decreasing saturation ratio. These two factors increase the risk of $=0 con-
ditions developing during and after precipitation or in areas where water will accumulate within a harvest
block. Therefore, on-site tracking of rainfall is obviously an important management option to help assess
the risk of when ¢=0 conditions are most likely to occur. The dynamic impact of the frequency and
duration of precipitation on the development and duration of $=0 conditions in a soil, make developing
a risk rating system for machine sliding on slopes based on a fixed set of slope classes unworkable.
However, more complex rating systems to include terrain, soil, recent precipitation, and hillslope hy-
drology are possible but require testing (McNabb, unpublished).
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The coefficient of friction also does not apply to the machine trafficking of soil when the ¢=0 condition
exists. During the ¢=0 condition, soil strength at the track-soil interface is constant and total soil re-
sistance is defined by Eqn 3 (Bekker 1969; Wong 2008). This is in contrast to CoF, which is based on
Eqn 1. CoF is simply the ratio of t/c, or the tangent of ¢. Therefore, CoF only applies to drained soil
where soil resistance increases in direct proportion to the force applied to the soil. Most important, CoF
applies regardless of the distribution of force under the track or wheel, and regardless of whether the
track or wheel are in contact with the soil. In the $=0 condition, track pressure at the track-soil interface
is required to engage the TSR (Fig 6a). This seldom occurs when there is an eccentric distribution of
pressure under a rigid track (Fig 4). As a result, the effective soil resistance is generally less than TSR
because it is reduced for areas where track force is less than c(¢=0), and the downslope force increases
when the force is greater than c(¢=0). Both factors reduce machine stability on steep slopes.

5. Conclusions

Trafficking of wet soil by forestry machines often compacts the soil until it is essentially saturated, and
no further increase in soil density or strength is possible. In a soil mechanics context, this situation is
defined as the ¢=0 condition. The ¢=0 condition is unique because it produces a single value of soil
strength, ¢(¢=0), that is independent of the forces exerted on the soil. The value of ¢c(¢p=0) is dynamic for
a specific soil because deceases in the initial air-filled-porosity with the drying of soil allows the soil to
be compacted to a higher value of ¢(¢=0). The ¢=0 condition only applies as long as the soil remains
essentially saturated. Therefore, the value of ¢(¢p=0) and area of track-soil contact determines the effec-
tive soil resistance to a machine sliding on steeper slopes. When any point at the track-soil interface is
less than or greater than the c(¢=0) value of soil strength, the stability of a machine decreases. As a result,
the slope at which a forestry machine is at risk of sliding on bare earth depends on the eccentric distri-
bution of force along the bottom of the track as the slope angle changes and the value of ¢c(¢=0). Hence,
a specific slope angle can not be specified for when a machine is at risk of sliding because of the effects
that weather, soil and terrain has on air-filled-porosity. Unfortunately, this introduces considerable un-
certainty as to the stability of untethered rigid-track machine on wet soils, and risk of sliding can not be
defined by a set range of slope classes. The downslope forces produced by a machine on steep slopes
and soils with low values of c(¢=0) exerts a high force on tethering machines and cables, which increases
the risk of these systems failing as well.

When a machine is operating on a soil in the ¢=0 condition, terramechanics models and values of the
coefficient of traction are invalid because they are based on soil strength parameters, ¢ and ¢ (Eqn 1),
for drained soil.

6. References

Bekker, M.G. 1962. Theory of Land Locomotion, 2nd Ed. Univ. of Michigan Press, Ann Arbor, MI. 522
p.

Bekker, M.G. 1969. Introduction to Terrain-Vehicle Systems.

Belart, F., B. Leshchinsky, J. Sessions, W. Chung. P. Green, ] Wimer, and B. Morrissette. 2019. Sliding
stability of cable-assisted tracked equipment on steep slopes. For. Sci. 65:304-311.

Bishop, A.W., and G.E. Blight. 1963. Some aspects of effective stress in saturated and partly saturated
soils. Geotechnique 13:177-197.

Casagrande, A., and R.C. Hirschfeld. 1960. Stress-deformation and strength characteristics of a clay
compacted to a constant dry unit weight, p. 359-417. In: Amer. Soc. Civil Engr, Research Conf. on Shear
Strength of Cohesive Soils. Boulder, CO.

348



Das, B.M. 2013. Fundamentals of Geotechnical Engineering, 4th Ed. Cengage Learning. Stamford, CT.
636 p. ISBN-10: 1-111-57675-0

Hittenbeck, J. 2013. Estimation of trafficable grades from traction performance of a forwarder. Croat. J.
For. Eng. 34(1):71-81.

Labelle, E.R., D. Jaeger, and B.J. Poltorak. 2015. Assessing the ability of hardwood and softwood brush
mats to distribute applied loads. Croat. J. For. Engr. 36:227-242.

Lysne, D.H., and A.L. Burditt. 1983. Theoretical ground pressure distributions of log skidders (forest
equipment). Trans. ASAE 26:1327-1132.

McNabb, D.H. 1993. Soil care: Plan now or pay later. Can. For. Industries (June):33-37.

McNabb, D.H., and L. Boersma. 1993. Evaluation of the relationship between compressibility and shear
strength of Andisols. Soil Sci. Soc. Am. J. 57:923-929. doi:10.2136/sss2j1993.03615995005700040007x

McNabb, DH., and L. Boersma. 1996. Nonlinear model for the compressibility of partly saturated soils.
Soil Sci. Soc. Am. J. 60:333-341. doi:10.2136/sss2j1996.03615995006000020003x

McNabb, D.H., A.D. Startsev, and H. Nguyen. 2001. Soil wetness and traffic level effects on bulk density
and air-filled porosity of compacted boreal forest soils. Soil Sci. Soc. Am. J. 65:1238-1247.
doi:10.2136/sss2j2001.6541238x

Mitchell, J.K. 1976. Fundamentals of soil behavior. John Wiley & Sons, Inc., New York. 422 p.

Lu, N., N. Khalili, E. Nikooee, and S. Hassanizadeh. 2014. Principle of effective stress in variably satu-
rated porous media. Vadose Zone J. 13:vzj2014.04.0038. doi:10.2136/vzj2014.04.0038

Reece, A.R. 1964. Problems of soil vehicle mechanics. Land Locomotion Laboratory, U.S. Army Tank-
Automotive Center, Warren, MI 228p.

Sessions, J., B. Leshchinsky, W. Chung, K. Boston, and J. Wimer. 2017. Theoretical stability and traction
of steep slope tethered feller-bunchers. For. Sci. 63:192-200. dx.doi.org/10.5849/forsci.16-069

Schroeder, W.L., and J.V. Alto. 1983. Soil properties for slope stability analysis; Oregon and Washing-
ton coastal mountains. For. Sci. 29:823-833.

Vesic, A.S. 1963. Bearing capacity of deep foundations in sand. Highway Res. Record No 39:112-153.
Nat’l Acad Sci.

Visser, R., and H. Berkett. 2015. Effect of terrain steepness on machine slope when harvesting. Int’1 J.
For. Engr. 26(1):1-9. doi.org/10.080/14942119.2015.1033211

Visser, R., and K. Stampfer. 2015. Expanding ground-based harvesting onto steep terrain: A review.
Croat. J. For. Eng. 36:321331.

Wong, J.Y. 2008. Theory of Ground Vehicles, 4th Edition. John Wiley & Sons, Hoboken, NJ. 560 p.

Wu, T.H. 2013. Root reinforcement of soil: review of analytical models, tests, results, and applications
to design. Can. Geotech. J. 50:259-274. doi.org/10.1139/cgi-2012-0160.

349



FORMEC 2019 — Exceeding the Vision: Forest Mechanisation of the Future
6-9 October, 2019 - Sopron, Hungary

MECHANIZED PRE-COMMERCIAL THINNING BY UPROOTING

Karri Uotila
Natural Resource Institute Finland
Neulaniementie 5, 70210 Kuopio
karri.uotila@luke.fi

Abstract:

Uprooting offers a novel and refreshing perspective for Mechanization of pre-commercial thinning
(PCT), which has been challenging task to comply. PCT-process has been re-thought in uprooting to take
advantage of mechanization with an innovative way, which would not be possible manually. Uprooting
efficiently prevents sprouting, and there is no need for herbicides. The work is done with Naarva P25 —
device attached to the harvester boom. The idea behind uprooting works, and it can offer serious
competition to traditional motor-manual PCT.

Keywords: mechanized silviculture, productivity, quality, alternative forest vegetation management

1. Introduction

Conifer sapling stands are typically Pre-Commercially Thinned (PCT) by cutting competing trees, which
reduce the growth of commercially valuable conifers. Removal in PCT consists mainly of broadleaves,
which will re-sprout vigorously from stumps (e.g. Betula sp.). Sprouting causes the need for repeated
cuttings, why typical management program consist of more than one PCT. In Finland, the first PCT is
recommended in around 1 meter high conifer stands (4—6 years old) and the second in 3—4 meters high
(Saksa et al. 2016). Sometimes even more PCTs are needed.

Preventing sprouting saves further expenses. Or, in other word, a method that prevents sprouting can be
more expensive to comply on the first phase of the management program, and still be efficient. Sprout
prevention also makes sooner PCT possible, as crop trees benefit and get more advantage after removal of
competing trees.

Mechanized PCT by uprooting prevents sprouting of broadleaves efficiently, as uprooted trees do not
sprout from stumps. Uprooting can also reduce the number of root suckers, which are generated by some
tree species e.g. Populus Tremula and Alnus incana, even though it won’t totally prevent them. However,
trees regenerating from root suckers are typically in minor part of the removal in PCT.

Uprooting has been introduced in Finland, and it is yet to be almost exclusively used in there. The aim of
this paper is to introduce the method and the most relevant information about productivity, expenses and

quality of its work published about it. Moreover, based on the available information, expenses of the
method are compared to motor-manual PCT.

2. Uprooting with Naarva P25 —device
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Naarva P25 is a PCT-device made for harvesters (Fig 1). It is designed in Finland by Pentin Paja Ltd. The
P25 weighs 590 kg and, according to Hallongren & Rantala (2013), the purchase price of it is about
15000 €.

The P25 has a frame able to PCT 2 m” per movement. The trees removed in PCT are squeezed in to the
frame of the device, after which the driver raises the device, and the movement uproots the trees. Then the
operator lets the trees loose and drops them on the ground. Hence, mechanized PCT with Naarva P25 is
also described as uprooting.

The P25 is a suitable device for PCT on conifer stands on mineral soils during spring, summer and
autumn, when the ground is not in frost (Kukkonen & Kukkonen 2013). Stands of average height of main
stems of 0.8—1.5 m are the best fit for uprooting (Uotila 2016, Luukkonen 2018).

Uprooting is more effective release treatment than cutting the broadleaves, because uprooting decreases
the competition in the root system for rather long-term. According to Hytonen (2013), four years after
PCT spruce was as an average 7% longer and its’ stem was 14% thicker on uprooted stands compared to
motor-manually sawed stands.

3. Productivity & costs
3.1. Mechanized PCT with Naarva P25

In experimental conditions, Naarva uprooter attached to the harvester boom have typically done PCT
about 0.15 hectares per productive work hour (pwh), or, in the other words, PCT has taken about 6.7
pwh/ha (Rantala & Kautto 2011, Hallongren & Rantala (2013). According to Rantala & Hallongren
(2013) the current model, Naarva P25, consumed 6.3 pwh/ha in PCT and the time consumption varied
between 3.5-9.9 pwh/ha. The time consumed in PCT depends on density and height of the removal (Fig
2).

According to Hallongren & Rantala (2013) the total costs of the harvester operating Naarva P25 is 63.46
€/pwh. The variable cost is 40.43 €/pwh and the fixed part of the P25-device is 2.10 €/pwh. The average
uprooting cost per hectare based on productive work hours was 399 € on average, varying 223—628 €.

Fig 1 Naarva P25 —device for mechanzed CT by uprooting.
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Fig 2. Time consumption in PCT done with Naarva P25 in productive hours per hectare (pwh/ha)
according to Hallongren & Rantala (2013). The lines represent broadleaf height before PCT from 1 to 2
meters in different densities.

3.2. Comparison to motor-manual PCT

The average time consumption of uprooting is rather similar to motor-manual cleaning on typical first
stage PCT of 4-6 years old stand. Thus, per hectare costs of uprooting are higher than that of motor-
manual PCT. However, in early stage PCT, the ability of uprooting to prevent sprouting decreases need
and costs for the forthcoming PCT(s).

In similar conditions and removal to Hallongren & Rantala (2013), the speed of motor-manual cleaning is
6.6 twh/ha (total working hours) (Himéldinen & Kaila 1983, Metsdalan TES 2010). The twh-based cost
of such motor-manual PCT is 168 €/ha, with the rate of 25.5 €/pwh including salary, equipments (4
€/pwh), and travelling (2.2 €/pwh). Salary equals the salary used for the operator in Hallongren & Rantala
(2013). The twh-based cost was used for motor-manual work, because all of the fixed costs, and
relocation time and preparatory work were included in the pwh-based costs of uprooting in Hallongren &
Rantala (2013).

The total cost of uprooting was 399 €/ha (Hallongren & Rantala 2013). Thus, the second PCT in motor-
manual program should cost less than 230 €/ha or take less than 9 twh/ha to be less expensive than
uprooting. However, the expenses are likely higher than that. The cost of the second stage motor-manual
PCT is typically somewhat higher than the first management (Uotila et al. 2010 & 2014). Assuming 1.5
time multiplier, the second management is 253 €/ha. Thus, the total costs of the motor-manual PCT-
program is 421 €/ha. Mechanized PCT by uprooting can be cheaper than motor-manual PCT, if uprooting
prevents the need for the second management. The result is in line with the cost comparisons of
Strandstrom et al. (2011) and Kukkonen & Kukkonen (2013).

Moreover, only those machines that do not have primary, i.e. logging worksites available during summer
are used in mechanized PCT. Such harvesters can be rational in PCT if the payment exceeds variable
costs of the use added with the cost of the PCT-device. The pwh-based variable costs of uprooting with
Naarva P25 is 267 €/ha (including the total cost of the device) on average site introduced in Hallongren &
Rantala (2013). It is the minimum rational cost for mechanized PCT.

4. Quality of mechanized PCT by uprooting
Quality of mechanized PCT by uprooting can be quantified numerically according to the success of the

spacing. Moreover, mechanized PCT indices more damage to main stems than motor-manual PCT, which
should be also accounted in quality.
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There is still some room to improve the thinning precision in uprooting. According to Hallongren &
Rantala (2013), 10-25% of the trees that were supposed to be removed in PCT, were not removed.
Because of retained disturbing trees, some main stems were still under broadleaf competition after
uprooting. Typically 48—66% of the main stems have been perfectly released in uprooting (Hallongren &
Rantala 2013, Korhonen 2013, Uotila 2016, Luukkonen 2018).

The success of release depends on worksite selection, especially on stand height. Success rates are often
poor in stands under 80 cm of average height of main stems (Uotila 2016, Luukkonen 2018). On the other
hand, the release is often highly successful in stands over 120 cm (Uotila 2016, Luukkonen 2018). The
highest stands in the studies have been mainly under 200 cm long, which has not yet reduced the success
rate in the studies. However, other problems may incur in longer stands, e.g. time consumption increases
or incidence of damage for main stems in PCT. Also site factors affect the success rate, which is often
poorer on highly fertile and moist sites (Luukkonen 2018). The results consider mostly mineral sites, as
mechanized uprooting is not recommended on peatlands (Kukkonen & Kukkonen 2013).

The incidence of damage to main trees is higher in uprooting than in motor-manual PCT. The incidence
of serious damage is typically 5—8% of the saplings in uprooting (Rantala & Kautto 2011, Hallongren &
Rantala 2013, Uotila 2016). The main cause for the damage is the base machine driving over the main
tree (Hallongren & Rantala 2013, Uotila 2016). Also movements of the uprooting device cause some
damage.

Over time, the damage of uprooting seems to vanish, 3—5 years after uprooting there was visible damage
only on less than 1% of the main trees and only in 42% of the stands (Luukkonen 2018). However, the
density of competing trees increases over time because some new broadleaves still germinate and grow
after uprooting. The average density 3—5 years after uprooting was 7000 trees/ha, including main stems,
and all the trees retained in uprooting and the broadleaves germinated and grown after it (Luukkonen
2018). Even though the number is much higher than would be appropriate to grow during that stage,
major part of them are small broadleaves, which might not survive long in competition caused by higher
main stems.

5. Conclusions

Mechanized uprooting is a novel PCT method, which prevents sprouting efficiently. It decreases the need
and costs of later PCT(s). However, at its present state, uprooting has not been able to totally prevent the
need for later PCT. Mechanized PCT by uprooting can still be less expensive method than conventional
motor-manual PCT. Though, when total costs of a new harvester and an uprooting device were
accounted, it should prevent the second PCT to be more profitable than motor-manual method.

Those harvesters that do not have primary, i.e. logging worksites available during summer, can be used
for PCT rather inexpensively. At the minimum, the cost should cover total costs of the uprooting device
and the variable costs of the harvester. With such cost, mechanized PCT by uprooting can be very rational
alternative for motor-manual PCT, even though it should still reduce forthcoming PCT costs.

Mechanized uprooting has been shown to prevent sprouting. However, it still remains unclear how often
uprooted stands actually need later PCT. Anyhow, if needed, the later PCT can be done only partially and
the removal is lesser than with the conventional method. Thus, the second PCT is less expensive than
after motor-manual PCT.

Quality of uprooting still needs improvement, and it can be improved by better selection of worksites or
by improving working techniques. Total stand densities after uprooting have been too high to reach the
target of only one PCT in the PCT-program as a rule. On the other hand, the damage caused by uprooting
for the main trees can be considered rather minor according to the longer term observations, especially if
the initial spacing is appropriate.
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Overall, mechanical uprooting of broadleaves has a great potential. It takes advantage from the power that
mechanization has to offer, and the idea of uprooting actually works well in practice. However,
improvements in productivity and quality of the work are still needed. Otherwise motor-manual option is
likely to remain the primary method on major part of PCT worksites.

6. References

Hallongren, H. & Rantala, J. (2013) A search for better competitiveness in mechanized early cleaning
through product development: evaluation of two Naarva uprooters, International Journal of Forest
Engineering, 24:2, 91-100, DOI: 10.1080/14942119.2013.841930

Héamaéldinen J., Kaila S. (1983). Taimikon perkauksen ja harvennuksen sekd uudistusalan raivauksen
ajanmenekkisuhteet. [Relative time consumption of clearing-saw (brush-cutter) work in
clearing, and in young stand cleaning and thinning]. Metsétehon katsaus. 4 p. (In Finnish)

Hytonen, Harri. (2013). Kitkentiperkauksen ja raivaussahatydon vaikutus kuusen pituuskasvuun ja
kantoldpimittaan neljd vuotta varhaisperkauksen jilkeen. [The effect of Mechanized PCT by uprooting
and motor-manual PCT on four year growth of spruce]. University of Eastern Finland, Faculty of Scienc
and Forestry. Bachelor’s thesis 25 p. (In Finnish)

Korhonen, N. (2013). Kitkentdperkauksen laatu metsdhallituksen Lieksan ja Nurmeksen tiimeill4.
Summary: Quality of Mechanical Cleaning in Lieksa and Nurmes teams of Metsédhallitus. Karelia
university of applied sciences. Thesis. 36 p. + 2 appendices.

Kukkonen, K. & Kukkonen, E. (2013). Koneellinen metsdnhoito. [Mechanized silviculture]. Karelia
ammattikorkeakoulu. Kopijyvd Oy, Kuopio. 131 p. ISBN 978-952-275-085-3 (In Finnish)

Luukkonen, O. (2018). Konekitkentd varhaisperkausmenetelménd kuusen istutustaimikossa. Summary:
Mechanical uprooting as early cleaning method in planted spruce stands. University of Helsinki, Forest
Ecology and Management. Master’s thesis. 39 p.

Metsdalan tydehtosopimus 1.5.2008-31.5.2010. (2008). [Collective labor agreement on forestry 2008].
Maaseudun Tyonantajaliitto, Metsdhallitus, Metsiteollisuus ry, Yksityismetsidtalouden Tyodnantajat, Puu-
ja erityisalojen liitto. 87 p. (In Finnish.)

Rantala, J. & Kautto, K. 2011. Koneellinen kitkentd taimikon varhaisperkauksessa — tyoajanmenekki,
kustannukset ja tydjdljen laatu. [Mechanized uprooting in early PCT of a sapling stand — time
consumption, expenses and quality]. Metsétieteen aikakauskirja 1/2011: 3—12. (In Finnish)

Saksa, T., Miina, J. & Uotila, K. (2016). Taimikonhoito. [Pre-commercial Thinning]. Metsdkustannus Oy
ja Luonnonvarakeskus. Latvija, Jelgeva Printing House. ISBN 978-952-6612-82-9. (In Finnish)

Strandstrom, M., Saarinen, V-M., Hallongren, H., Himéldinen, J., Poikela, A. & Rantala, J. (2011).
Koneellisen istutuksen ja taimikonhoidon kilpailukyky. [Competitiveness of mechanized planting and
PCT]. Metsitehon raportti 218. 29 p. (In Finnish)

Uotila, K., Rantala, J., Saksa, T. & Harstela, P. (2010). Effect of soil preparation method on economic
result of Norway spruce regeneration chain. Silva Fennica 44(3): 511-524.

Uotila K., Saksa T., Rantala J., Kiljunen N. (2014). Labour consumption models applied to
motor-manual pre-commercial thinning in Finland. Silva Fennica vol. 48 no. 2 article id 982. 14 p.

Uotila, K. (2016). Konekitkenndn laatu yksityismetsissi — case Pohjois-Savo. [Quality of mechanized

PCT by uprooting in non-industrialiazed private forests — case Northern Savonia]. Taimiuutiset 4/2016:
13—15. (In Finnish)

354



FORMEC 2019 — Exceeding the Vision: Forest Mechanization of the Future
6-9 October, 2019 - Sopron, Hungary

GROUND-BASED FOREST MACHINERY AND TACTICS: IMPROVING WILDLAND
FIRE SUPPRESSION OPERATIONS IN WESTERN NORTH AMERICA

Chris Bielecki
Supervisory Civil Engineer
USDA Forest Service, Modoc National Forest
225 W 8™ St, Alturas, California, United States of America
christopher.s.bielecki@usda.gov

Stephen “Obie” O’Brien
Logging Engineer, Forest Operations Engineering, LLC (US Forest Service, Retired)
Helena, Montana, United State of America
obie@foresterobie.com

Abstract: The 2018 wildland fire season was the deadliest and most destructive year on record in California. While
proactive land management (e.g., forest thinning, fuels treatments, and prescribed burning) may be the most
effective preventative measure to mitigate wildfire impacts, reactive fire suppression techniques can also benefit
from emerging and available mechanical technologies.

Empirical evidence and fire behavior observations from the Stone Fire (2018) in Northeast California became
another costly example of logging equipment underutilization. Logging equipment could have been deployed to
construct indirect firelines to avoid evacuation and burn-over of the nearly completed, active timber sale area.
Modernization within the traditional North America wildland fire suppression organization are increasing the use of
mechanized equipment and improving required firefighter qualifications. This paper highlights helpful references
that inform and assist wildland firefighting management teams, land managers and operations experts on selecting
the correct forestry tools and tactics.

Keywords: wildland fire suppression, forest operations, heavy equipment, tactics

1. Introduction

Catastrophic wildfires have become common place in the western United States. In California during 2018,
nearly 2 million acres burned, exceeding $12 billion in damages. Almost 23,000 homes were destroyed, and 103
people were killed. Wildland firefighting varied greatly across the State based on the different vegetation,
topography, and available resources.

In northern California, use of logging equipment in the right conditions and situations presents a viable tool for
direct and indirect suppression in timbered locations. Other areas of North America, including the Northern
Rockies, have further embraced and used logging equipment for wildland fire suppression. This paper presents
a brief summary of available tools and associated issues with the use of logging equipment to fight wildland
fires in Western North America.
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2. Machines: Types and Tasks

Figure 1 - Forestry machines are purpose-built for many tasks
Graphics credit: Ry Basko

Many individuals working in fire and fuels management are unfamiliar with the broad range of forestry equipment.
This is particularly true when incident managers are brought in from out-of-state or region. Likewise, many agency
land managers are not familiar with machine capabilities, costs, limitations and site impacts when heavy equipment
is used to manage fire.

Fire and fuels personnel benefit from learning more about these machines and the values of a mechanized task force
to order and use the best available machine to the task. Wildfire personnel need better access to heavy equipment
training and information to correctly match their task objectives with forestry machine capabilities and limitations.

X X |X|[X|X|X|X|xX| X
XXX |X|X[X|x|X|[x| x

D[22 XXX XXX |x]| X

Figure 2 - Machines and task capabilities
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Tools and Tactics

Modern forestry machines expand operational capabilities for wildfire Incident Management Teams and land
managers. Forestry machines are purpose-built to increase safety, speed, efficiency and operation periods.

Image 1 - Cutting indirect fireline with feller-buncher, while track and wheel skidders swing logs
to decking area

Heavy forestry equipment offers firefighters increased capabilities:

= Safer, night-time fireline construction, when most fire activity decreases;
= Faster, safer indirect and contingency fireline construction;

= More opportunities for direct line on fires too dangerous for hand crews (>4 ft. flame length);

Safer methods of hazardous tree removal and brush clearing;

A force multiplier to increase crew capabilities, efficiency and safety;

Contracted equipment is an economic option as call-when-needed resources.

Image 2 - Left to Right: Dozer, pumpercat, wheel skidder, wheel skidder with drop-tank, feller-buncher, excavator,
softtrack skidgines
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Figure 3 - Safety advantages using mechanized wildfire operations: cut, position, night operations, clear hotspots
Graphics credit: Ry Basko

Hazard trees are present before, during, and especially after a wildfire. The longer a wildfire burns, the greater the
increased risk to personnel and the public from overhead hazards. A special concern on wildland fires is the
increased presence of dead and burned-out trees that result in falling snags. These overhead hazards are of critical
concern for personnel outside of machine cabs and under poor visibility conditions.

The three primary hazards for in-woods heavy equipment operators are addressed by the machine cab structure:
machine rollover, falling objects and cab penetration by limbs or trees. Forest equipment manufacturers design and
build forest machine cabs that meet Occupational Safety and Health Administration (OSHA) specifications to
protect the operator: Operator Protection System (OPS), Falling Object Protection System (FOPS) and Rollover
Operator Protection System (ROPS).

Safe operating slope limits and site conditions are key factors for using machinery in the wildland fire environment.
Machine design and the operator’s experience must also be evaluated to determine where and when to allow
mechanized operations.

Operational slope limits vary by what the machine is expected to do, the machine design (e.g., woods safety
package, leveling cab, longer tracks with deeper grousers) and site conditions (e.g., amount of rock, jack-strawed
deadfall, bogs). Machine and ground factors must be understood to select the right equipment for the location and
assigned task: tracks or wheels (with chains or track bands), traction (i.c., slope limits, soil conditions) and float (i.e.,
soil strength, machine ground pressure).

4. Dispatch, Transport, and Access

Wildland fire dispatch requires agency ordering, machine
preparation and vehicle access. This often requires use of road
maintenance equipment to ensure access and escape routes, e.g.,
brushing out roads for increased sight distance, dust abatement,
verification of bridge weight limits and traffic controls. Dozers
were used to clear some escape routes in Paradise, California,
when burnt power-poles and trees fell across public escape
routes.

Lowboy transport is critical, and is often a problem for highway
lowboys transporting heavy equipment. Tight road alignment in
mountainous terrain and poor maintenance of forest road
systems often present major challenges for machine transport
attempting to deliver heavy equipment close to the fire. In steep
and rough terrain, poor road alignment with steep vertical curves or tight horizontal curves (<60’ ft. radius) may
require route access improvements prior to lowboy entry or a long machine walk-in.

Image 3 — Mobilizing dozer strike team
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5. Remote Delivery of Water

Large super-skidgines (>1200 gal tank) and smaller more agile skidgines
(tracked, wheeled) extend water availability to remote areas beyond the reach
of fire engines and water tenders. Large skidgines are used to transfer water
from roadside tenders to porta-tanks, and as trailside water tenders for smaller
mobile skidgines, softtracks and pumpercats. Skidgines also ensure water
delivery when aerial methods are grounded due to darkness, smoke or fog.

Skidgines are popular with crews for mop-up. The log grapple and blade help
reposition logs and pull apart brush piles while providing water for crews.
Water cannon equipped, a skidgine can knock down torching and fire in
treetops. The light-duty blade can also be used for a safety brake, can dig out
hotspots, and push over small hazard trees, reducing risks to hand crews and
chainsaw fallers.

6. Stone Fire, Northeast California, 2018

The Stone Fire began with a summer lightning strike in a remote area of
northeastern California on the Modoc National Forest. The smoke was first
detected on the morning of August 15, 2018. The fire initially smoldered in
the morning. The same afternoon sun, heat and wind led to increased fire
behavior. A Type II Fire Management Team was ordered the same afternoon
due to the fire growth and complexity.

As the wildfire spread over the next few days, daytime suppression operations

Image 4 - A helicopter transfers
water to a super-skidgine for
night shift work

included direct aerial suppression and retardant drops, combined with indirect bulldozer line construction. Nighttime
operations applied backfiring and burning out to blacken and solidify indirect fireline while anchoring to existing
roads and bulldozer lines. For the first several days, the fire spotted and jumped containment lines, before it entered

treated areas of the Turner and Craig timber sales.

On August 21, the fire was observed burning through the Turner Timber Sale by firefighter John Toomey, Fire
Battalion Chief on the Modoc National Forest. Due to the terrain, residual vegetation and tree spacing in the recently
treated timber stand, the fire behavior was moderate and dropped below the canopy to move through the treated area
as a surface fire. The reduced flame lengths and spread in this situation allowed for safe direct fire suppression,

presenting a reasonable opportunity for control and containment.
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Image 5 - Observed fire behavior in the Turner Timber Sale Image 6 - Condition of the Turner Timber Sale immediately
Photo courtesy of John Toomey, USDA Forest Service after the fire passed through
Photo courtesy of John Toomey, USDA Forest Service

During this time, another adjacent timber sale was also burning with similar results. The Craig Timber Sale was still
actively being harvested at the start of the Stone Fire. The logging crew was subsequently evacuated, and forced to
demobilize a side of equipment several miles to a safety zone. The crew was safely evacuated, though the loggers
and equipment were not use for further work to suppress the wildfire in adjacent timber stands.

Fire behavior in the Craig Timber Sale area was even more telling, demonstrating how forest stand treatments can
effectively change fire behavior to reduce damaging fire impacts. Here Toomey observed the flames transition from
a crown fire to a ground fire after progressing approximately two tree lengths into the treated sale area.

Image 7 - Craig Timber Sale after the fire front moved through; on the left of the road is the freshly-treated stand, on the
right of the road is an untreated stand
Photo courtesy of John Toomey, USDA Forest Service

7. Northern California Fire Operations

This section is based on a conversation with Gwen Sanchez, who leads Northern California Firefighting
Operations for the USDA Forest Service. Sanchez noted that there is good potential yet limited use of logging
equipment on federally managed fires in California. Feller bunchers were used in 2018 on the Ranch and Carr
Fires, though most of the work involved repair and rehabilitation that occurred late during the tail end of fire
suppression.

Construction of safety zones and escape routes in timber are recognizable tasks that would benefit from
machines built to cut and maneuver tall trees while protecting the operator in an enclosed and protected cab,
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especially in dead or dying timber and where snags subject manual sawyers to risk from tops and limbs falling
and striking firefighters on the ground.

Use and choice of equipment is based on a number of factors, including probability of success. Some areas have
high potential for effective fuels treatments in preparation for a fire front moving through, while others may
have too much risk associated with felling and decking timber that flames can reach. If unremoved or still-
awaiting yarding when a fire front passes over, decked timber can create a situation where too much fuel creates
hazardous conditions for firefighters and ineffectively changes fire behavior.

Experience and assurance with fire managers is another factor. California-based incident management teams
typically are assigned to fight fire within California, resulting in less mixing of experience and knowledge
regarding tools and tactics that may be used in other locations — such as the Northern Rockies. Furthermore,
political and environmental challenges exist with cutting, yarding, and decking timber during an emergency.
Though the fuels treatments and changes in fire behavior may be successful and allow for more efficient and
safe fire suppression, others may view this as circumventing the National Environmental Policy Act process,
including the required public involvement.

Tools and Tactical Innovations

Tethered Logging Equipment Use of logging machines that are assisted by winch and cables on steep slopes
is increasing in the Pacific Northwest (PNW) USA and western Canada. Ponsse estimates that there are twenty
tethered cable-equipped Ponsse machines operating in the PNW. There are four different makes and models of
tethering systems marketed in the western US. Tethered machinery use is increasing in the mountainous regions
of the western US for logging. It is just starting to be used for forest fireline construction.

In the summer of 2017 the Whitewater Fire threatened to burn
from federal land onto private timberlands near Detroit, Oregon.
The lumber company contacted a local logging contractor with a
tethered side for operating on steep slopes. The 2-machine
tethering system allowed the company’s swing boom feller-
buncher with a 28-inch felling sawhead to operate on steep slopes
(55-80 % slopes). The remote-controlled winch cable drum set
was attached to a track excavator anchored upslope.

Due to the short time predicted before the fire would reach the
private property boundary, the lumber company needed to
quickly clear an indirect fireline and create a backfiring
opportunity. The agency incident team did not have adequate fire
suppression resources (e.g., hand crews) to do the work on the
steep terrain (up to 80% ground slope) before the fire might reach
the private ground.

The 2-machine EMS Tractionline tethered equipped logging side
constructed a 1,500-ft long x 80 ft.-wide swath of felled timber as
a fireline in less than 3 days. The agency incident team later

Image 8 - Dual cable tethering system with  contracted the logging side to construct fireline on federal
leveling feller-buncher and remote-controlled portions of the fire.

drum set mounted on an excavator

The wildfire did not reach the indirect line, and backfiring from that line was not done. After the fire the felled
timber was skidded from the gentle ground, and skyline yarded from the steep slope sections for use by the mill.
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Heavy Equipment Task Force (HETF) Logging equipment for fire suppression has been in use in the
Northern Rockies (ID, MT, ND, SD, WY) since the mid-1980s. Currently, the Northern Rockies Wildfire
Contracting Group (NWCQG) is the only fire coordinating group contracting up to six machines for one resource
order as a Heavy Equipment Task Force (HETF). The HETF resource is primarily contracted to contain the fire
by building fireline, constructing safety zones, clearing access and escape routes. When the fireline is
constructed other resources, primarily agency resources (e.g., hand crews, engines and aviation) will hold the
line and suppress the fire.

The HETF is fashioned after the local equipment configurations of a mechanized logging side. These are
typically a whole-tree logging side consisting of tree felling machines (i.e., feller-buncher/harvester), tree and
log skidding machines (e.g., wheel or track skidder), earth moving machines (e.g., dozer with 6-way blade or
excavator with bucket and thumb), and water carrying machines capable of off-road travel (e.g., skidgines or
pumpercats).

Water is delivered most often by a skidgine, which is a skidder, dozer or soft-track machine with a water tank,
pump and live-hose reel. Another option is a grapple skidding machine with a water drop tank, a pump and live
hose reel. These machines can do the work of a grapple skidder, and serve as a skidgine to deliver water as
needed. The pumpercat is a fully-functional dozer, and has an attached water tank, pump and live-hose reel to
function as an off-road engine. The softtrack skidgine is an agile machine with a steep-slope climbing flexible
track and large tank capacity (>1200 gal.), often equipped with a water canyon.

Another popular alternative machine in a HETF may be a tracked swing-boom excavator or shovel with a
mulcher head. The mulcher (i.e., masticator) can fell small trees, brush and prune lower branches from larger
trees. Each HETF is made up of the same machines designed to harvest timber and construct roads, landings
and trails as part of timber sales, road construction or forestland clearing operations.

The HETF also includes its own siderod or foreman. This person provides the additional benefit of local
knowledge of the operators, and familiarity with the logistical needs of the equipment. This supervisory
position is coupled with an agency fire team Heavy Equipment Boss (HEQB). The HEQB is the tactical partner
to help achieve the fire team’s objectives. The HETF includes machine operators who are familiar with
working together. The operators have the skills to perform equipment maintenance and servicing on their
specific machine makes and models.

The HETF equipment is contracted on a call-when-needed basis, minimizing incident costs. When the fire and
site rehabilitation are complete, the job is done, and the HETF is released. Its crew members return to work at
their regular forestry jobs.

Ground Slope Maps Topographic maps with ground slope classes based on machine operation capabilities
and slope limitations are helpful in wildland fire incident operations planning. Additional data, particularly
LIDAR (Light Imaging Detection and Ranging), is invaluable in planning fire incident operations and heavy
equipment deployment. This is especially important when the fire team or contracted resources are not local.
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Figure 4 - Contour map with machine operability slope classes commonly found in the Northern Rockies region
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ABSTRACT

The possibility of simulating realistic rut formation from heavy terrain vehicles with 3D dynamics sim-
ulation is investigated [1]. The used simulation technology combines rigid multibody dynamics for the
machine and the discrete element method for the terrain. A number of virtual soil beds are created with
different microscopic model parameters, which control the interaction between the pseudo-particles of
the soil. Simulated cone penetrometer and triaxial test are performed to determine macroscopic me-
chanical properties, i.e., the soil’s cone index, internal friction, and cohesion, for each soil bed. Next, a
quarter-vehicle with a two-wheeled bogie is driven repeatedly over the different terrains and the rut depth
is measured after each passage.

A soil with cone index 400 kPa, internal friction angle of 25° and cohesion 8 kPa was studied in particular.
The simulated rut depths and rut depth evolutions were studied for three different quarter vehicle masses,
3.6, 4.4, and 5.2 tons. The 4.4 ton vehicle was also tested on a stronger soil with cone index 840 kPa,
internal friction angle 35° and cohesion 6 kPa. The results are in good agreement with WES-based
models for rutting, expressed as functions of the vehicle’s geometry, weight, and the soil’s cone index.

In the present form, the model is limited to sedimentary soils where moisture content can be viewed
as implicitly included. The computational time and memory usage depend on the number of pseudo-
particles in the soil model. Therefore, the spatial resolution of the terrain is limited by practical restric-
tions. In the study carried out, the particle size ranged between 20 to 40 mm.

The conclusion is that the examined simulation technique is valid for studying the rut formation from
forest machines and how the rut depends on the geometric design, weight and control of the machine.
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Abstract: Currently Thailand’s export of wood products is in a crucial period since both domestic and
foreign consumers become more aware of the environment and society. Many consumers prefer toward
legally, socially, and environmentally product, in other words, wood products must be certified. This is
relatively new for Thailand’s logging industry. Forest certification requires a reform of logging and
forest plantation management to compliance with international standard. Selection of logging is an
important measure in plantation forestry and each work task requires different equipments, machineries
and methods, resulting in differences in operating cost and environmental impacts. In order to maintain
the forest certification, logging planning is required to select proper tools and machinery for the specific
area, in all consideration of economic, social and environmental factors. This study uses a preliminary
survey of forest plantation experts in accordance with Delphi method to determine the factor weight in
logging system. The Physical characteristics such as slope, transportation route and water body are also
taken in consideration. The expected results of this study is to determine a suitable logging system for the
specific area and meet requirements of forest certification standard.

Keywords: Multicriteria decision analysis, Technical feasibility, Logging system, SFM

1. Introduction

Nowadays overuse of natural resources effect to degradation of natural resources and environment as
consumption soars in accordance with population and economic growth. Thus, existing resources are
inadequate to the increasing needs, leading to conflict between the state, private and community (both
rural and urban) sectors as they compete for the limited resources. The state’s resource allocation
efficiency is also lacking. For this reason, development of knowledge for sustainable resource
management is necessary to promote long-term resource abundance, reduce tension between sectors and
maximize public interests such as the economy, society and environment. Sustainable resource
management can improve logging efficiency and promote sustainable timber supply and thus resource
consumption should be based on sustainability.

Sustainable forestry management involves economic, social and environment factors with the goal to
ensure that products and services can meet the needs while the forest area is preserved in the long run.
Nevertheless, export of wood product in Thailand have both good and bad times simultaneously
(Tosatjawong, 2011) because the standard put forth by the forest certification is more conducive to
transparency and good management. In order to satisfy forest certification standard, systematic and
sustainable management is necessary.

Logging operation is crucial to achieve adequate level of productivity in plantation forestry and each
phase requires different tools, machinery and procedure. In Thailand, the common method is tree-length
method: the felled tree will be delimbed, then skidded to the roadside for grading and cross cutting, after
that the logs are moved to stacks for timber auction or delivery to factory. Each step requires different
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tools, machinery and procedure, which causing different amount of cost and impact to the environment.
To create an effective logging that complies with the forest certification standard, many social, economic
and environment factors must be put into consideration, also multi-criteria decision analysis must be
integrated with geographical information system (Boroushaki and Malczewski, 2008; Liu et al., 2007;
Malczewski, 2006).

This study aims to find a suitable logging method using by multiple-criteria decision technique to
compere results three interconnected performance areas to ensure the sustainability of forest operations
include: environment, economics (quality optimization of products and production) and society (Marchi
et al., 2018). Practical field examples are presented to demonstrate how these three interconnected
principles are relevant to achieving sustainability, namely profit and wood quality maximization,
ecological benefits and forest worker’s health and safety. However, as the analysis is still in-progress,
technologically-suitable solution is presented first.

2. Materials and methods
2.1 Study Area

This research is planned to be conducted in the area of Khao Kra Yang Teak Plantation, Phitsanulok
Province. Khao Kra Yang Forest Plantation is under Phitsanulok Area Forest Industry Organization. Khao
Kra Yang Forest Plantation is located at UTM satellite coordinates (WGS1984) 47Q E 0686239 N
1863226. The geography is Hanginal plain with elevation between 200 and 700 meters above mean sea
level. The area generally consists of dry deciduous forests and deciduous dipterocarp forests. Notable
natural flora is Teak, Xylia xylocarpa, and Burmese Padauk. Silvicultural system is selection thinning and
rotation period are 30 years, This planation was established between 1968 to 1984 with the area of 2,420
hectares.

2.2 Overall research project information

This study aims to analyze information using physical characteristics and logging system to get a
technologically suitable solution. Inclination, stand data, skid trail and technological specification are
used as factors in identifying the suitable logging system for the area. Three other factors (economical,
social and environmental) are also analyzed. Economical factor includes hourly cost and productivity
system (Greulich et al., 1996). Environmental factor is ground pressure of the machine, which depends
mainly on weight of the machine and contact surface area. Impact of the machine consists of empty
weight, maximum load weight, width and height of tires (Kuhmaier and Stampfer, 2010). Tracked
vehicles have less load pressure compared to wheeled vehicles. Calculation is done by using vehicle cone
index (Maclaurin, 2007). Lastly, social factor is worker injury rate. Then, all three factors are calculated
by using Delphi weight and analyzed together with the technologically suitable logging system (Figure 1).

Investigation area Analysis Mask
Stand data Terrain data
Harvesting Systems. Technological
Evaluation
Technological
suitable systemns
[ I I
Social Utility
:rl]leda criteria criteria Analysis
| |
Aggregation
of area
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Figure 1 Overall research framework
2.3 Machine limitations analysis

The study aims trying to examine a suitable logging system for teak plantaion based on sustainable
management, which requires awareness of economic, social and environmental factors, along with
analysis of logging technology in order to find the best machine for each harvesting site, Where have
different degree of accessibility of harvesting machines. Used factors are slope (shown as %) that is a
limitation for both tracked and wheeled vehicles (Kuhmaier and Stampfer, 2010), and skid trail is a
limitation for machines such as towers yarders and skidders (Pentek et al., 2008). Another factor is the
limiting DBH for fellers bunchers, harvesters and processors depends on the type of harvesting head
(Table 1).

Table 1 Definitions of logging systems and technological specifications to stand and terrain data

Systems Logging Systems Technological Specification
A Chainsaw & Elephant Slope < 20%, Extraction
distance <200 m
B Chainsaw & Skidder Slope < 35%, Extraction
distance < 600 m
C Chainsaw & Tractor Slope < 30%, Extraction
distance <400 m
D Chainsaw & Toweryarder & Processor Slope < 100%, Extraction < 800
m., DBH max 40 cm
E Harvester & Toweryarder Slope < 60%, Extraction < 800
m., DBH max 40 cm
F Harvester & Forwarder Slope < 30%, Extraction
distance < 600 m, DBH max<
40 cm
G Feller buncher & Skidder & Processor Slope < 35%, Extraction

distance < 600 m.

H Feller buncher & Tractor & Processor Slope < 35%, Extraction
distance < 400 m.

Slope is classified into five levels: 0-20%, 20-30%, 30-35%, 35-40% and > 40%. Skid trail is classified
into four levels: 0-200 m., 200- 400 m., 400-600 m. and 600-800 m. Criteria of each machine is used for
analysis to get the most technically-feasible systems (Figure 2).
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Figure 2 Model for Logging system determination.
2.4 Analysis of the sample plot’s soil condition

To classify soil condition, 66 random sample plots in experimental area are analyzed by using a Skokagro
static penetrometer examine soil compaction. Soil samples (500 g.) are collected from each sample plot to
examine their soil type. Data obtained from the Skokago tool is soil compaction of each sampled spot.
The method used is interpolation (IDW) to get soil compaction data of the entire plot no.1971. If soil
compaction value is less than 2,000 it means low compaction . Type of soil sample from the area is for
analysis to find consistency of soil type with soil compaction value.

Figure 3 kokaro tool
Source: sss-labor.com

3. Results

Analysis by using logging machine limitation as a factor and physical characteristics of area shows that
logging systems in use are system A (27.87% of the total logging area), system B & system G (13.33%),
system C (25.91%), system D (7.95%), system E (6.95%), system F (12.31%) and system H (5.68%).
Because most of area have moderate slope rate, suitable logging systems are Chainsaw-Elephant and
Chainsaw-Tractor (Figure 4 and Figure5).

Analysis of plot n0.1971 sample plot (Figure 6) also shows that the most soil is sandy clay loam and soil
compaction is mostly low to moderate compaction (Skokagro, n.d.), soil erosion and water flow are very
likely to occur (Melemez, 2015). Also, shear resistance and bearing capacity are low, which means the
plot is inaccessible for heavy machinery. Technical analysis shows there are five suitable logging
methods for the 1971 sample plot: system A, system B, system C, system E, system F and system G. But
system E, system F and system G require heavy machinery and not applicable for the plot, so additional
studies of other factors are needed to take into account.
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Figure 4 Technologically suitable system
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Figure 5 Technologically suitable system
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Figure 6 Soil compaction on the sample plot (planted in 1971)

4. Conclusions

Thailand never had academic planning on logging: experience and sense of the plantation owner are the
main decision-making factors with relatively less concern about potential impact. Review of this study
will persuade the entrepreneurs to place more attention to logging planning. This study is preliminary
result on multicriteria decision analysis for selecting the sustainable logging system in Teak plantation.
Information analyzed is information related with machine efficiency and physical characteristics.
Technologically suitable system is the output of this study. Soil compaction is also analyzed to assess
load-bearing capabilities. The preliminary results will further use for environmental analysis. Currently, it
is in a process of preparing relevant factors information such as Vehicle limiting cone index (VLCI),
hourly cost, productivity system and worker injury rate. So further study is necessary to investigate the
best logging system based on sustainability and awareness of social, economic and environmental factors.
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Abstract: In order to advance decision making in operational planning it is vital that forest operations
professionals are utilizing the most advanced tools and technologies. The forest industry, in partnership
with the University of British Columbia and FPInnovations is currently experimenting with leading-edge
Virtual Reality forestry planning tools to improve operational planning and decision making in forest
operations. The ability to make optimal decisions is constrained primarily by access to timely, accurate,
contextual information that is quickly accessible and easily understandable. The development of a Virtual
Reality (VR) software representation of the forest landscape represents a 21st century step towards
aligning the varying interests in how forest landscapes are planned, utilized and managed.

Other “visually impactful” resource sectors, such as mining, are currently leading the charge towards
building & leveraging VR based decision support tools. The same primary constraints in the mining
sector - Mine Design and Planning, Resource Management, Community Relations, Investor Relations -
hold true, almost in parallel, to the forest sector, particularly block level planning, harvesting, hauling
and regeneration activities. Rapidly changing historical timber supplies, particularly in the context of
unplanned natural disturbances of fire and/or disease outbreaks, bring home the necessity to evolve better
“closed-loop”, “supply-chain-centric” decision making tools. Forest resources in BC are largely tied to
publically owned lands requiring public consultation and engagement. Additionally, Competing interests
for resource extraction, animal habitat, conservation and recreation, position the varying end-use
objectives of forest resources squarely under the lens of rigorous scrutiny. The developed VR forest and
lands planning tool can play a facilitation role, by providing an objective, visual, conversational tool —
bridging the varying, though often complimentary, forest management interests shared between
stakeholders, the public and government policy. A proof of concept model was demonstrated in the fall of
2018 and a second phase is now focusing on the full integration and compatibility of the tool with GIS
and RoadEng datasets into the VR tool. Upon completion of the second phase the tool will be implemted
at the research forest of UBC to improve teaching for forest operations students and demonstrate its
operational planning capabilities.
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Abstract: Chain flail delimber debarker chippers (CFDDC) are used for producing clean bark-free
chips from whole trees in one single pass. DDCs are multi-stem processing machines that integrate two
functional elements: a chain-flail delimber-debarker and a chipper. The former knocks off branches and
bark from whole trees by using hardened chain links mounted on fast-rotating drums, while the latter
turns bark-free stem wood into clean pulp chips. These machines may achieve a productivity in excess of
40 t per productive machine hour, and easily remove all limbs and most of the bark. While somewhat
coarse, flailing can be fine-tuned to minimize fiber losses, which are generally lower than 5%. However,
there is an interest in increasing fibre recovery and decreasing fuel consumption, by manipulating
machine settings and developing new components. A most promising intervention is the development of
newly-shaped lightweight chain flails. This study compared these new chains with standard flails
(control) in low productivity coppice bluegum plantations. Results point at a significantly better
performance of the new chains, especially when drum speed is reduced. Compared with the control, the
innovative treatment accrues a 12% improvement on fiber recovery, while productivity is increased by
20% and fuel consumption is cut by 30%. The productivity increase is probably a result of a slightly
faster through flow and especially of the larger volume fed to the machine thanks to the increased
recovery (e.g. flow speed is probably not much faster, but the mass is larger and therefore through flow is
higher). On the other hand, reduced fuel consumption per t is likely the result of both a lower energy
input (slower rotating flail) and a higher through flow (more fiber getting through to the chipvan). Slower
rotating lightweight chain reduce breakage in smaller trees (e.g. low productivity bluegum) and therefore
are likely to be especially suited to softer tree species, such as European SRF poplar
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In Europe, more than 400 million m® of timber are harvested every year. Modern forestry machinery makes
the harvesting process much more efficient and safer than motor-manual harvesting. However, the operation
of these forestry machines requires lengthy training in order to acquire the necessary knowledge and skills.
Despite intensive practice, graduates of current training programs and even experienced machine operators
show productivity differences of up to 40%. Within the project AVATAR, a digital coaching, assistance
and feedback system (CAFS) is designed for improving productivity and job satisfaction of forest machine
operators while reducing mental stress. In addition, it will allow for training of young and senior
professionals in a more meaningful and efficient way. CAFS contributes to enhanced value adding and
resource utilization in forest industry, thus, strengthening sustainable and competitive bio-economies of
Europe.

The selected approach is focused on the individual improvement potential on operator level, characterized
by personal work patterns. Data on work execution (i.e. joystick, crane and machine movement) will be
gathered continuously and analysed in order to detect beneficial and detrimental work patterns forming
together with know-how of trainers for work patterns the basis for defining quantitative measurements of

work performance in timber harvesting. These experiences and already developed training measures will
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be further elaborated in order to investigate possibilities, e.g. mechanical on-board systems, but also sensor-
and scanner-based technologies for data generation and transfer, which can be used for the performance
evaluation of the operators and integrated into an individual feedback approach for coaching. In addition,
the development of an overall concept for the use of personal data for an operator-made feedback and
coaching approach is an essential component of the entire AVATAR project.

Due to the direct cooperation with a forestry training centre, an exchange of experience and knowledge
between research and practice as well as machine manufacturers will continue to take place via workshops.
The aim is to ensure that the results of the project will in future be incorporated into training and further
education via professional competence centers, but also into the daily work of machine operators via on-

board systems.
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Abstract: Accident statistics still show alarmingly high figures for the forestry sector. Many accidents
occur during felling operations. They are often linked to an inadequate assessment of the felling and hazard
area. In the following, a prototype of an application is described which provides additional information on
the felling and hazard area and pursues the goal of further reducing the number of accidents.

The central idea is to provide, from a bird's eye view, valuable extra information for forest workers. This
new perspective from above should allow a better identification of threats in the felling or risk zone. For
this purpose, various feasibilities were tested. Based on these results, a prototype was developed to support
forest workers during their tree and environmental assessment phase in motor-manual timber logging.

Information about the forest stand was obtained from remote sensing data. As a digital terrain model
(DTM), swissAlti*® was used. A digital surface model (DSM) was created from drone flight data. By sub-
tracting the DTM from the DSM, a normalized surface model (nDSM) was created. With the individual
tree detection program FINT, tree tops and heights were determined by using a local maxima algorithm.

Different methods were tested to generate added value from these pre-processed data. The detailing of the
trees was not sufficient for three-dimensional representation of the data. In addition, high computing power
was required to display the data. This led to the fact that the image of the stand disappears during rotation
and zooming, and is only displayed again after a delay.

Due to the identified limitations of 3D models, the development of the support tool is based on a two-
dimensional visualization. The software tool is embedded in iFOS (integrated forest operation software),
as adequate localization of the forest worker is offered. A connected GNSS sensor shows the position on
the map in real time and allows the identification of trees, felling and danger area. In the review of the tool,
it became evident that it would be necessary to use a GNSS sensor precise enough for accurate positioning
within a forest under the tree canopy. Therefore, the accuracy of two different sensors was determined in a
forest unit under different situations at geodetically measured points. The analysis showed an average ac-
curacy of 2.87m (10xx-sensor by ppm, n = 890) and 4.83m (M8N sensor by u-blox, n = 8720), which was
judged suitable for the desired application.

The tool can currently be used to assess exceptional situations in motor-manual felling. These are for ex-
ample harvesting situations of trees or deadwood near infrastructure such as public roads. Furthermore, the
tool is recommendable for education and training, as it clearly identifies and visualizes the dimensions of
felling and risk zones.

Further improvements and enhancements are envisaged in an ongoing project extension, which includes
among other aspects new features such as an indication of the GNSS-sensor accuracy and some improve-

ments in the visualization.

Keywords: work safety, motor-manual felling, drone & GNSS data, prototype
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Abstract: Northern white-cedar (Thuja occidentalis L.) is an important commercial tree species in the New
England and Great Lakes regions of the USA and adjacent Canada, yet cedar-dominated stands are
comparatively less harvested. This is mainly attributed to the operational challenges associated with fragile
and poorly drained soils in lowlands where the species is commonly found. In terms of forest operations,
such conditions can pose safety hazards for both crew and machines and harvesting might not be
economically viable. The objectives of this study were to 1) estimate cost and productivity of timber
harvesting operations in a sensitive-soil stand relative to those of an operation on sturdy ground, 2)
understand the effects of stand variables on productivity as expressed by delay-free cycle (DFC) times. The
study was conducted in Maine, USA using cut-to-length (CTL) harvesting during the winter of 2019. Stands
selected for the treatments were lowland cedar-dominated (>80% cedar, with fragile soils) and non-cedar-
dominated (~10% cedar, with a sturdy soil profile). DFC times and predictor variables were recorded for
the harvester and forwarder using detailed time-motion study techniques. Harvested wood timber volume
was estimated from scaling data and scale tickets. Machine rate calculations to determine hourly production
cost were performed utilizing information from the forest management company. The cost of the operation
was found to be higher for the cedar stand (USD 31.93 m™) than the adjacent non-cedar stand
(USD 24.27 m?). Cost of extraction was reduced by 34—41% when the landing was shifted to stand boundary.
Apportioning methods showed that the cost of felling and processing cedar (USD 6.35 m) was higher than
hardwoods (USD 6.09 m) and other softwoods (USD 5.66 m™). Sensitivity analysis showed that increases
in predictor variables such as butt-end diameter, distance between the trees, and number of cuts per cycle
increased the DFC time of the harvester. In the case of the forwarder, length and diameter of the log were
inversely proportional to the DFC time, whereas an increase in forwarding distance and number of pieces
increased the DFC time. Though few, if any direct effects of soils were found on winter harvesting
productivity and costs, tree species composition was an influential factor and is itself related to soils. This
work will allow foresters and timberland managers to make more informed decisions regarding cost-effective
and sustainable forest management in lowlands.

Keywords: cedar, cut-to-length, forest operations, sensitivity analysis, winter harvest.

1. Introduction

Northern white-cedar (Thuja occidentalis L.) is a commercially important tree species in the northeastern
United States and southeastern Canada, seen both in pure stands and as a minor species in mixed stands
(Boulfroy et al., 2012). In 2017, cedar sawlogs worth USD 5 million were harvested within the state of Maine
(MFS, 2018a; MFS, 2018b). The volume of cedar growing stock has decreased over the past few years in
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some parts of its range (Huff and McWilliams, 2016; Kenefic et al., 2017), mainly due to the challenges in
managing cedar sustainably.

In the northeastern United States, about 75% of cedar forests are on lowlands, of these, 54% and 21% are on
flatwoods and swamp or bogs, respectively (Boulfroy et al., 2012). Pure cedar stands are typically associated
with “cedar swamps” characterized by deep, organic, poorly drained soils (Larson et al., 1993; Frohn, 2017).
These are comparatively under-managed due to challenges associated with the fragile ecosystem where the
species grows (Kenefic, 2013). In terms of forest operations, trafficability constraints such as accessibility to
the stand, lack of solidity, and terrain roughness, as well as soil fragility constraints such as high-water table
and high probability of erosion, rutting, and scalping can pose safety hazards to logging equipment and the
ecosystem. The economic viability of the operation is also a constraint (Boulfroy et al., 2012). Above-
mentioned conditions, along with the compressed length of logging seasons — a consequence of climate
change — likely contribute to the 47% decline in cedar harvest in Maine since the year 2000 (Woodall et al.,
2019; Berry et al., 2019).

Based on the silvics of lowland cedar, the selection or irregular shelterwood method (partial harvest) is
suggested for regenerating stands with a component of cedar (Boulfroy et al., 2012; Kenefic, 2013) to retain
and release well-established cedar in the stands and expedite cedar regeneration. Moreover, partial harvesting
has been observed to have the smallest detrimental effect on logging sites (Jiang, 2016). To sustainably
manage a healthy growing stock of lowland cedar, care should be taken to minimize residual stand damage;
operations should be conducted during frozen periods of the year to avoid excessive soil compaction, rutting,
root damage, windthrow (Boulfroy et al., 2012) and the chances of machine sinking. Winter harvest would
be the best fit for sensitive grounds (EPA, 2005) because frozen soil during winter harvesting can ensure low
soil disturbances and operational safety (Dubé¢ et al., 1995; Dahlman and Rossman, 2010; Russell et al., 2018;
West Fraser, nd; Timber harvesting, nd). It could also reduce damage to trees and thereby lessen the
likelihood of spreading disease (Schira, 2013)

Conventional harvesting using full-tree or tree-length methods that employ mechanical felling and skidding
are not suitable for sensitive sites (Puttock et al., 2005); cut-to-length (CTL) harvesting method is preferred
(Jiang, 2016). Reasons include less impact on the environment, reduced disturbance to advance regeneration,
and increased fiber recovery (Sauder, 1993; Richardson and Makkonem, 1994; Puttock et al., 2005; Cudzik
et al., 2017). In CTL, the delimbing, topping and bucking occur in the stand rather than at the landing area;
logs are carried, rather than dragged, during extraction; and the log trucks are configured to haul shorter log
lengths (Bulley, 1999). This harvest method reduces the number of machine entries to the stand and enables
on-site slash retention. From an operational viewpoint, retaining slash will help to safely and efficiently
operate equipment on sensitive site and minimize potential soil disturbances (Dahlman and Rossman, 2010).

An appropriate and economically feasible timber harvesting system is essential to successfully meet
management objectives (Bennett, 2010). To determine the economic feasibility of lowland cedar harvest, the
experiment was carried out with specific objectives: 1. Estimate the cost and productivity of a CTL harvesting
operation in a lowland cedar stand, 2. Compare the cost-effectiveness of forest operations in lowland cedar
to operations on sturdy ground, 3. Understand the effect of predictor variables on the DFC time for each
harvesting components.

2. Methods

2.1 Study area

Detailed time-motion study data were collected from an operational-scale experiment conducted at the
Penobscot Experimental Forest (PEF) in Bradley and Eddington, Maine (44°49°56” N, 68°36” 26” W)
(Figure 1) in the northeastern United States during the winter (February to March) of 2019. The study
consisted of two stands, a cedar-dominated lowland with an area of 4.4 ha and a non-cedar stand on sturdy
ground with an area of 12.5 ha. The temperature during the harvesting operation ranged between 1.5°C and
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-20.5°C with an average of -7.4°C. The average snow depth recorded within the stands during the experiment
was 16 cm, with a maximum and minimum of 21 cm and 11 cm respectively. The soil of the cedar stand was
Bucksport and Wonsqueak muck with a slope ranging from 0-2%; in the non-cedar, soils of the Becket-
Skerry complex and Peru-Colonel-Tunbridge association dominated with a slope ranging from 2—15% (Soil
Survey Staff, 2019).

68°37'0"W 68°36'30"W 68°36'0"W
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Figure 1. Map of study site showing the harvested lowland cedar and non-cedar stand

2.2 Stand Inventory

As the lowland cedar stand is a permanent experimental plot, the stand was inventoried using permanent
circular plots laid out in nested plot design (Kenefic et al., 2017). A total of 9 fixed-radius plots of 0.08 ha
were selected to measure diameter at breast height (DBH), tree height, height to base of the crown (bole
height), species, and the spatial location of trees > 15.2 cm DBH. Since the non-cedar stand constituted an
industrial timberlands operation, the stand was inventoried using 24 variable-radius plots with a 20 Basal
Area Factor (BAF) prism. The sample plots were measured for DBH, tree height, bole height, and species
(Kanoti, 2018). Differences in stand inventory techniques was a constraint in this study. As the stands were
managed by two different organizations, the preferred inventory method varied. The stand inventory was
carried out by the respective managing organizations. One was research-oriented, so used permanent fixed-
area plots to generate large amounts of information which can be traced back and used for future experiments.
On the other hand, the variable-radius inventory method was preferred for commercial forest management as
it is cost and time-efficient, in part because more time is spent measuring sawtimber-size trees.
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2.3 Silvicultural prescription
2.3.1 Lowland cedar stand

The stand was partially harvested to establish and release cedar regeneration through the creation of small
canopy gaps and to favor the growth of the residual pole and small sawtimber cedar though crop tree release
between gaps. Removal outside the gap areas was limited to 20% of relative density, with 100% removal in
gaps and trails. The irregular shelterwood treatment was prescribed to remove a BA of 20 m? ha™! (40% of
total BA, >15.2 cm DBH) (Kenefic et al., 2017). The lower level of merchantability was 15.2cm DBH. The
stand was not actively managed before this operation. Logging residues were placed in the machine trails
during harvesting to minimize site damage. Other species found in the stand were spruce (Picea spp.), larch
(Larix laricina (Du Roi) K. Koch.), balsam fir (4bies balsamea (L.) P. Mill.), and eastern white pine
(Pinus strobus L.).

2.3.2 Non-cedar stand

The stand was found to have species such as eastern hemlock (7suga canadensis (L.) Carr.), red maple
(Acer rubrum L.), eastern white pine, spruce, quaking aspen (Populus termuloides Michx.), paper birch
(Betula papyrifera Marsh.), balsam fir, and cedar. Irregular shelterwood and pine shelterwood establishment
cuts were prescribed for the non-cedar stand. The irregular shelterwood establishment cut was meant to
establish an understory of tolerant conifers and release advance regeneration. In areas dominated by hemlock
that lack desirable regeneration (hemlock, spruce, or white pine) overstory BA was reduced to 23 m? ha’!,
retaining a uniform overstory of the best quality hemlock, white pine, spruce, and tolerant hardwoods. Also,
quality growing stock intermediate crown class stems of any species and uncommon species such as brown
ash (Fraxinus nigra Marsh.) and basswood (7ilia americana L.) were retained. There were a few patches of
overstory white pine in this stand; in these areas, openings 21 m in diameter were created around the patches
by removing all other species.

In areas with high-quality white pine overstory trees (first 5 m log straight, no knots over 