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Abstract

Cable yarding is a well establish technology for the extraction of timber in steep terrain. How-
ever, it is encumbered with relatively low productivity and high costs, and as such this technol-
ogy needs to adapt and progress to remain viable. The development of biomass as a valuable
byproduct, and the availability of processors to support yarder operations, lend themselves to
increasing the level of whole-tree extraction. Double-hitch carriages have been developed to
allow for full suspension of whole-tree and tree-length material. This study compared a stan-
dard single-hitch to a double-hitch carriage under controlled conditions, namely in the same
location using the same yarder with downbhill extraction. As expected, the double-hitch carriage
took longer to load up (+14%), but was able to achieve similar productivity (10-11 m’ per
productive machine hour) through increased inhaul speed (+15%). The importance of this
study is that it demonstrates both the physical and economic feasibility of moving to whole-tree
extraction using the double-hitch type carriage for longer corridors, for settings with limited
deflection, or areas with lower tolerance for soil disturbance.
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1. Introduction

For timber extraction during harvesting, cable
yarders use winches and wire rope to lift stems or logs
off the ground and extract them out of the forest. Such
capability is crucial to managing harvesting opera-
tions that are inaccessible to ground-based equipment.
On steep terrain, harvesting with cable yarding sys-
tems typically avoids the need to build a dense net-
work of skidding trails and hence lowers the level of
soil impact compared to ground-based logging
(Spinelli et al. 2010). This is particularly valuable in
environmentally-sensitive areas, where the added cost
of environmental compliance makes cable yarding
more attractive than ground-based harvesting, even
where the latter would be technically feasible (Huyler
and LeDoux 1995).

Cable yarding is the most common steep slope har-
vesting technique, and is especially popular in the Alps,

where most modern yarder developments originated
(Bont and Heinimann 2012, Wassermann 2018). Today,
thousands of cable-yarding contractors are active in the
Alpine area; especially in Austria, Germany, Italy and
Switzerland. Cable yarders can have many different at-
tributes that affect their capability and performance,
including overall size and power rating, number of
drums, capability of the wire ropes, height of tower,
carriage and rigging types (Samset 1985, Harrill et al.
2019).

An example of a relevant attribute for European
cable yarder contractors is the distinction between the
traditional sled-mounted winches and the more mod-
ern mobile tower yarders (Samset 1985). Each system
has its own advantages and disadvantages, whereby
the simpler sled-mounted winches typically only sup-
port the use of one drum and utilise a fixed skyline
external to the sled. This allows the sled-mounted
winch systems to build long lines that can easily span
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across a valley. However, they take considerable effort
to install and hence are costly to set up and dismantle.
In contrast, mobile tower yarders are much faster to set
up and dismantle but are typically not tailored for the
same long-distance capability (Stampfer et al. 2006).

A recent survey of the Italian cable-logging fleet
reports that the average tower yarder is half as old as
the average sled-mounted winch (Spinelli et al. 2013).
Although the high installation and dismantle costs are
pushing many cable loggers to replace their sled-
mounted winches with newer tower yarders, sled-
mounted winches are still very popular and represent
almost 2/3 of the Italian cable-logging fleet. The Italian
case is not an isolated one, and anecdotal evidence for
Romania and Switzerland also indicates the continued
popularity of sled winches well beyond the Italian bor-
der (Munteanu et al. 2019).

Sled-mounted winches remain common not just
because of their simplicity and low capital cost, but
also because the relatively poor road infrastructure in
many Alpine forest areas often forces operators to in-
stall long-distance cableways in order to reach the first
viable landing. The financial and administrative bur-
den of upgrading old low-standard roads makes it
preferable to incur the additional cost of long-distance
extraction (Munteanu et al. 2017).

Choosing the most appropriate cable yarding sys-
tem also depends on factors such as the market for
extracted products and the supporting machinery
(Harrill et al. 2019). This can change over time and
recently the introduction of processors and the devel-
opment of a lucrative market for forest biomass have
justified a preference for whole-tree extraction, which
is the only way to effectively profit from the combined
benefits of mechanized processing and residue recov-
ery (Valente et al. 2011). Whole-tree extraction refers
to the extraction of the felled trees without any prior
processing (Kellogg et al. 1993). The common alterna-
tive within the central European region is cut-to-length
extraction, where the trees are delimbed and bucked
at the time of felling, and hence logs are extracted
(Lundbéck et al. 2018). Logs are very much shorter,
thus making it easier to build optimum payload, but
also easier to achieve ground clearance.

For effective whole-tree extraction, sufficient ground
clearance is required and this encourages operators to
span longer distances to take advantage of favourable
terrain features, such as a good anchor opportunity on
the opposing slope in a valley. To meet these new de-
mands, manufacturers have started developing innova-
tive long-distance tower yarder models that can span
distances of 1000 m or more. They have also devised a
new carriage system for full-suspension yarding,

Fig. 1 Example of a double-hitch carriage. While stems and/or logs
can be attached separately to each dropline, connecting to both
ends of a tree allows the tree to be extracted horizontally

whereby whole-trees are hoisted from two points and
held horizontally under the line (Fig. 1). Such systems
reduce the need for ground clearance and, holding the
load horizontally attached at two points, reduce load
swinging during transport. This is an advantage spe-
cifically in downhill yarding, where the speed of extrac-
tion normally has to be reduced when working with
standard carriages (Ghaffariyan et al. 2009). In addition,
by achieving full suspension, there is also less friction,
again allowing for faster extraction — quite a desirable
feature especially when moving loads over long dis-
tances (Munteanu et al. 2017).

Attaching a load at two points and holding it hori-
zontal during transport is not a new technique and it
isnormally practiced in civil engineering, when cable-
ways are used for moving materials to difficult-to-
access locations, for example when building viaducts,
dams and pipelines. Yet, the physical, technical and
economic environment that characterises the construc-
tion industry is very different from that found in mod-
ern forestry, where profit margins are smaller and
quick turn times become a necessity. In the past, »hor-
izontal« full suspension technology was actually ap-
plied to forest operations as well, but with two impor-
tant differences: first, the relative value of timber was
then much higher than today, thus justifying the de-
ployment of relatively expensive work techniques
(Solberg 2003); second, the double-hitch carriage tech-
nology used at the time was poorly suited to lateral
yarding and configured more as transportation (i.e.
moving a load from station A to station B) than as
extraction (i.e. picking a load from the forest and
taking it out to a landing) (Drédgan et al. 1971, Gior-
dano 1967). Modern carriages that offer »horizontal«

370

Croat. j. for. eng. 42(2021)3



The Effect of Yarding Technique on Yarding Productivity and Cost: Conventional Single-Hitch ... (369-380) R. Spinelli et al.

full-suspension technology and are capable of lateral
yarding have appeared only recently, initially as
makeshift solutions improvised by loggers in the field
and later as purpose-built commercial products.

Modern double-hitch »full-suspension« carriages
are larger and more complex, hence heavier and more
expensive, than a standard single-hitch carriage, and
the question arises whether and under which condi-
tions it is worth replacing the standard single-hitch
carriage with a double-hitch »full-suspension« one.
Therefore, the authors conducted a study with the
general objective of comparing a double-hitch full-
suspension carriage with a standard single carriage for
single-point hitch. The study was conducted under the
typical conditions of Alpine forestry, with the follow-
ing specific goals:

= to determine if payload varied significantly with

carriage type

= to determine the effect of carriage type on indi-

vidual elements of the cycle time

= to compare the productivities achieved with the
two carriage types under the specific conditions
of the study, and to present such comparison
over a plausible range of extraction distances
through suitable modelling.

2. Materials and Methods

The study was conducted in a mixed fir-spruce
(Abies alba L. and Picea abies Karst.) stand in the Eastern
Italian Alps, near Forni Avoltri in the Province of
Udine. The stand grew over a neutric cambisol soil on
a south-west face, and was divided in two separate
sections: at the bottom of the slope and nearer to the
forest road, the stand originated from the reforestation
of an old pasture, carried out in the late 1950s, after
farming was discontinued; further uphill and all the
way to the top, the forest originated from natural re-
generation and was about 100 years old. At the time of
the study, the forest was being salvaged after the cata-
strophic windthrow event of October 2018 that caused
the loss of over 8 million m’ across much of north-
eastern Italy (Motta et al. 2018).

The chainsaw operators separated windthrown
trees from their root plates and crosscut the stems
whenever that was needed for disentangling overlap-
ping trees. Trees and tree sections were then yarded
downbhill to the main forest road, where the yarder
was installed. Once at the forest road, trees and tree
sections were delimbed and cut to length using an
excavator-based processor.

The yarder was a Valentini V600/M3/1000 trailer-
mounted tower model, which is common with Alpine

loggers in Austria, Germany and Italy (>50 units sold).
The machine had a maximum skyline capacity of 1000 m
and was equipped with three hydraulically powered
working drums, for the skyline, mainline and haulback
line. The mainline and haulback drums were fitted
with a hydraulic interlock. Additional drums were
available for the strawline and the guylines. The tower
could telescope up to 12.5 m, and was fully extended
during the study. The machine was fitted with its own
175 kW diesel engine. The skyline, mainline and haul-
back lines had diameters of 22 mm, 11 mm and 11 mm,
respectively. All cables were wire rope core, swaged,
ordinary lay. Skyline pre-tension was set between 100
and 130 kN depending on work conditions.

The tailhold was a large sound spruce tree, part of
a solid clump of four healthy individuals. The rigging
was a classic three-cable configuration, with a stand-
ing skyline and the mainline and haulback line used
to move the carriage back and forth. For the purpose
of the study, the yarder was run alternately with two
separate carriage set-ups: conventional clamped sin-
gle-hitch carriage (henceforth: single carriage) set for
partial suspension, and unclamped motorized double-
hitch dropline carriage (henceforth: double carriage),
set for full load suspension by attaching the load at
two points and keeping it horizontal. The single car-
riage was a 3-ton capacity Hochleitner BW4000,
weighing 760 kg. This carriage was clamped at the
loading site through a hydraulic clamp and the haul-
back line was used for slack-pulling. Loads were
hooked to the mainline by one end and were carried
semi-suspended or dangling from the carriage when
contact with the slope profile was interrupted (Fig. 2A).
The double carriage was the combination of a SEIK
Skybull SFM 20/40 motorized dropline (37 kW)
carriage, connected to the dedicated SEIK NL20 exten-
sion. Both the carriage and the extension carried a
2-ton capacity winch, powered by the single diesel
engine of the Skybull 20/40 through a hydraulic trans-
mission. This way, loads could be attached at two
points and lifted horizontally, thus achieving full sus-
pension under all conditions and minimum load oscil-
lation during transport (Fig. 2B). Total weight was
1000 kg, including fuel and dropline cables. During
loading, the SEIK carriage combination was held in
position by the mainline and the haulback line.

The study consisted of 74 and 75 complete cycles
for the single and double carriage, respectively. Loads
were extracted along the same skyline corridor at the
same pre-defined stops for both carriages in order to
guarantee even test conditions, and all extraction pro-
ceeded downhill. Total skyline length (tower tip to
tailhold block) was 366 m. The horizontal distance was
328 m and the vertical distance (rise) was 140 m. An
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intermediate support was installed at a distance of
200 m from the tower in order to guarantee sufficient
ground clearance.

The yarder crew consisted of three operators: two
at the loading site (choker-setters) and one at the un-
loading site. The latter sat inside the cab of a processor
that cut the incoming trees and tree sections into
commercial assortments. The machine was a 21-ton
Liebherr 904 excavator fitted with a Konrad Woody
H60 harvesting head. The use of radio-controlled
chokers allowed quick and easy operation at the
unloading site. Both the operator at the loading site
and the one at the unloading site had remote controls
for managing the yarder so that they could operate it
independently when the carriage was in their own
work zone. The remote controls were mutually exclu-
sive, so that one operator could not interfere with the
carriage movements when the carriage was outside his
own defined work zone. All operators were experi-
enced and possessed the proper formal qualifications
(regional certification scheme).

The study was conducted in September 2019, and
lasted a total of 23 productive machine hours (PMH),
or 26 scheduled machine hours (SMH). During the

Fig. 2 The test set-up running the single (A) and double carriage (B)

test, the yarder extracted 233 m® of timber (over bark)
or about 200 t of total biomass (timber and chips). The
study covered 157 cycles, of which 8 were excluded
from the study because the double-carriage had been
used for partial suspension only in those cycles, thus
violating the specifications set in the study protocol.

The study method aimed at determining, on a cycle
basis: extraction distance, load size and time consump-
tion. Distance between the tower and the loading point
(carriage stop on the skyline) was determined by a
researcher stationed by the tower, using a Bushnell
Yardage Pro 500 laser range finder. This researcher
also performed a classic elemental time-motion study.
Time was recorded separately for the following time
elements: unloaded carriage trip (outhaul); lowering
the dropline; connecting the chokers to the load; drag-
ging the load under the skyline; lifting the load to the
carriage; travel loaded (inhaul); unloading; downtime
— split into mechanical, operational and personal de-
lays (Magagnotti et al. 2013). Speed was calculated by
dividing total travel distance by total travel time, sep-
arately for each cycle and trip (i.e. outhaul and inhaul).

Load size was obtained by scaling every single log
produced from each turn, after the load had been pro-
cessed into 3.2 m, 4.2 m, 6.2 m and 8.2 m long logs. Log
size was measured using a calliper and a measuring
tape. Diameter was taken at mid-length. The species
of each log was identified and recorded. Two research-
ers were assigned to perform this job to avoid interfer-
ence with the operation. Volume measurements were
converted into weight measurements after determin-
ing the actual density of the two species. For this pur-
pose, ten logs per species were scaled and then
weighed using a 9.8 kN capacity HKM HT series load
cell, accurate to 9.8 N. The weight of the branch mate-
rial was estimated by visually attributing a branch
loading index to each tree or tree section as follows: a
score between 0 and 4 was attributed based on the
total length of the stem covered with branches (0 =no
branches; 1=branches observed on one quarter of the
total length; 2 = branches observed on half of the total
length, etc.). Afterwards, an additional score between
0 and 4 was attributed based on the proportion of the
total circumference covered with branches, according
to the same principle. The factorial combinations of the
two weights yielded the following possible scores: 0,
1,2,3,4,6,8,9,12, 16. The results from all observations
were analysed and the mode was extracted, which was
attributed the baseline biomass expansion factor (BEF)
reported in bibliography for windthrown spruce in the
Eastern Italian Alps. This was equal to 110 kg of fresh
biomass per m® of commercial timber volume (Spinelli
et al. 2006). This baseline value was then corrected by
the ratio between the actual combination score for
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Table 1 Cost estimates for the tower yarder machine, both carriage
options and a crew of 2. Costing assumptions were provided by the
machine owner

Clgereian Uil cglrrr]iglge cg?rl:g;z
Investment € 320,000 340,000
Resale € 96,000 102,000
Service life years 8 8
Utilisation hyear™ 1000 1000
Interest rate % 4 4
Depreciation € year” 28,000 29,750
Interests €year’ 8850 9400
Insurance € year” 2500 2500
Diesel €vyear’ 9600 11,400
Lubricants € year”’ 1450 1700
Repairs € year” 14,000 14,900
Total €h’ 64 70
Crew n° 2 2
Labour €n’ 40 40
Overheads S 26 27
Total rate €n’ 131 137

each tree or tree section and the baseline weight. The
individual weights for the timber and biomass com-
ponents of each piece in a load were summed into the
total load weight.

The terrain profile under the line was determined
using a Garmin GPSmap 60 CSx hand-held GPS de-
vice, with an accuracy of 3.9 m. Fuel consumption was
determined by refilling all tanks (yarder and motor-

Table 2 Descriptive statistics of test conditions and productivity

ized carriage, when the latter was used) every half day
of work.

Machine cost was estimated with the method de-
veloped by European COST Action FP0902 (Ackerman
et al. 2014). Machine purchase price, service life esti-
mates as well as the costs of fuel, insurance, repair and
service were obtained directly from the machine
owner. Labour cost was set to 20 € per person per
scheduled machine hour (SMH), inclusive of indirect
salary costs. The calculated cost of all operations was
increased by 25% to account for overhead costs
(Hartsough 2003). In particular, readers may be inter-
ested to know that the purchase price of the double
carriage was 1/3 higher than that of the single carriage
(60,000 € vs. 40,000 €), and that the former incurred an
additional fuel consumption of 1.5 L diesel per sched-
uled hour. Further detail on cost calculations is shown
in Table 1. Readers must be aware that actual machine
rates may differ from our calculated rates, based on
local market conditions (Spinelli et al. 2015a).

Data were analysed statistically using the SAS Stat-
view software (SAS 1999). The individual work cycle
(turn) was assumed as the observational unit (repeti-
tion). The significance of the differences between mean
values for the two treatments was tested through non-
parametric techniques in order to avoid any issues
with the occasional violation of parametric assump-
tions. In particular, the Mann-Whitney test was used
to determine the statistical significance of differences
between the two treatments, each represented by a col-
lection on unpaired data points. Multiple linear re-
gression analysis allowed testing the relationship be-
tween the duration of work tasks (cycle elements) and
such influencing factors as extraction distance, load
size, etc. Several regression models were produced,

Single (n = 74) Double (n = 75)
Carriage type Unit

Mean SD Median Mean SD Median MW
Inhaul distance m 184 32 194 183 35 205 0.076
Lateral yarding distance m 12 10 8 7 8 5 0.002
Load pieces 2.1 1.0 2.0 19 09 2.0 0.157
Load m? 1.42 0.64 1.32 1.61 0.59 1.59 0.042
Load kg total 123 590 1090 138 536 1330 0.034
Outhaul speed ms’ 1.99 0.41 1.96 2.27 0.69 2.07 0.088
Inhaul Speed ms’ 1.78 0.52 1.68 2.07 0.63 1.93 0.005
Productivity m® PMH 11.3 5.9 10.1 10.5 39 10.8 0.923
Productivity m?® merch PMH’ 10.9 5.7 9.7 10.1 38 10.4 0.862
Productivity t PMH’ 9.8 5.7 8.9 9.0 36 8.9 0.975

Notes:

SD = standard deviation; MW = p-Value, according to Mann-Whitney non-parametric test, m* merch = merchantable volume, net of any offcuts and excess length
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Table 3 Time consumption by carriage type

(369-380)

Carriage type Unit Single Double

Activity Mean SD Median Mean SD Median MW
Outhaul s 96 28 92 90 36 97 0.480
Spool out s 15 7 14 26 17 23 0.001
Hook S 110 47 98 172 76 160 <0.001
Pullin S 47 36 42 75 43 65 <0.001
Lift S 17 18 14 20 20 16 0.324
Inhaul s 113 40 M1 100 4 108 0.094
Unload s 70 25 68 82 30 78 0.025
Disentangle S 8 33 16 74 0.981
Other delays S 63 120 43 68 0.961
All delays % 13 - - 9 - - -
All delays DF 15 - - 10 - - -

Notes:

SD = standard deviation; MW = p-Value, according to Mann-Whitney U-test; DF = delay factor (delay time/productive work time)

later selecting those with the highest significance, the
strongest explanatory value and the most logical be-
haviour. The analysis of the residuals allowed exclud-
ing serial correlation potentially deriving from gross
measurement errors. In all analyses, the elected sig-
nificance level was a<0.05.

3. Results

The number of observations and the average ex-
traction distance (the factor that is expected to have
the strongest effect on extraction cycle time) were al-
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most exactly the same for the two treatments. This was
because great care was taken to switch treatments ev-
ery half day of work and to make sure that both car-
riages worked the same number of cycles under the
same range of distances. Mean lateral yarding distance
was 70% longer (12 m vs. 7 m) for the single-carriage
treatment compared with the double-carriage treat-
ment (Table 2). Despite that, loading time was 1/3
shorter for the single-carriage treatment as a result of
the shorter duration of all related sub-tasks, namely:
spooling out the cable, hooking the loads and pulling
the loads under the skyline (Table 3). Unloading was
also faster under the single-carriage treatment, taking
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Fig. 3 Point scatter and regression graph for outhaul (A) and inhaul time (B) for single (solid line) and double (dashed line) carriage
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11 s less per cycle (14%). On the other hand, the dou-
ble-carriage treatment achieved a 12% larger load size
and a 15% higher travel speed. However, outhaul
speed was only significant at the 8% level —such result
being suggestive, rather than conclusive (Table 3).

The larger payload and faster travel speed record-
ed under the double-carriage treatment, and the short-
er loading and unloading time recorded under the
single-carriage eventually balanced each other, so that
work productivity was approximately the same for
both treatments (about 10 to 11 m*> PMH™).

Table 4 Regression equations for predicting element and cycle time
as a function of significant variables

Outhaul
time (s) =a + b * e~ 0.01Dist + ¢ * Double
R =0.723,n = 148
Coeff SE T P
-1.77 5.45 -0.33 0.746
15.1 0.78 19.5 <0.001
c -7.34 2.79 —2.63 0.009
Loading
time (s) = a + b * Lateral + ¢ * Double
Ry = 0.322,n = 149
Coeff SE T P
165.2 12.7 13.0 <0.001
1.96 0.73 2.7 0.008
c 113.7 13.4 8.5 <0.001
Inhaul
time (s) =a + b * e~ 0.01Dist + ¢ * Double Dist + d * m*
R’ = 0.545,n = 146
Coeff SE T P
a -13.6 11.18 -1.22 0.225
b 176 1.33 13.28 <0.001
c -0.085 0.025 -3.38 0.001
d 7.71 3.80 2.03 0.044
Unload
time (s) = a + b* Double
R’ = 0.033,n = 149
Coeff SE T P
70.3 3.25 21.7 <0.001
11.3 457 2.46 0.015
Notes:

All times in seconds (s)

Dist = extraction distance in m; m* = load size

Lateral = lateral yarding distance in m

Double = indicator variable for the double carriage = 0 if single, 1 if double
SE = standard error

Regression analysis found significant relationships
between travel time and factors such as extraction dis-
tance, lateral yarding distance, load size and carriage
type (Table 4). The strongest relationship was found
for outhaul time, where 70% of data variability was
explained by extraction distance and carriage type. In
particular, outhaul time increased exponentially with
distance and decreased by a fixed value for the double-
carriage treatment (Fig. 4A). Normally one can expect
amore linear relationship between distance and time,
but the data clearly show that the variability is added,
as a reflection of the difficulty, as distance is increas-
ing. This compounding of increasing time caused by
variability that increased with distance, together with
the increasing time for the distance itself, justified an
exponential type function.

The same exponential relationship with distance
was found for inhaul time; in that case the effect of
treatment type was not fixed, but proportional to dis-
tance (Fig. 3A). Expectedly, inhaul time was also af-
fected by payload size. However, the relationship for
inhaul time was weaker than that for outhaul time,
possibly because of the higher number of influencing
factors and the variability each of them carried with-
in itself (Munteanu et al. 2017). The complexity of
timber extraction, with many different influencing
factors, was the likely cause for the relatively low ex-
planatory value of the equation estimated for loading
time: nevertheless, all factors were highly significant
and the regression most logical, therefore it was re-
tained. No regression at all was found for unloading,
and the equation shown in Table 4 indicates just the
two mean values for the treatments on test: in this
case, however, the absence of a relationship was not
due to high background noise, but more likely to a
very limited range of variability and to the fact that
unloading as a task is rather fixed in its nature (i.e.
lowering the liftline/s from a fixed height and remote-
ly-controlled releasing of the same number of chok-
ers, every time). Nevertheless, the »dummy« equa-
tion was reported in Table 4 for the sake of
consistency and for giving readers a complete set of
predictors gathered in the same table.

Delay time was shorter for the double-carriage
treatment, but given the erratic nature of delays and
the relatively short duration of the study, this result
could not be taken as conclusive. Furthermore, the
overall incidence of delays was quite small (13% of
total), which made it questionable whether it could
be relied upon for long-term projections. It is likely
that the study hit a »lucky week« during which the
yarder team met with very few unplanned interrup-
tions of their work routine, but it is doubtful whether
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Fig. 5 Relationship between extraction cost, extraction distance
and carriage type. Graphs were calculated on the basis of the re-
gression equations in Table 4, for the mean load size figures for
merchantable timber shown in Table 2 (i.e. Single carriage = 1.38 m’,
Double carriage = 1.55 m®). Net time was inflated by a 14.5%
delay factor to obtain scheduled time

this could be the rule. In any case, and given the lack
of statistical significance for the differences in delay
incidence between treatments, all following projec-
tions of delay time were based on the overall average
delay time. The disentangling of torn-out, criss-
crossed timber elements was kept separate from
other delays because it was considered peculiar to the
harvesting of wind-damaged timber and therefore, of
potential interest when trying to assess the specific
impact of windthrow on yarding routines. As a mat-
ter of fact, disentangling represented a small compo-
nent of the overall cycle time, and took longer for the
double-carriage than for the single-carriage (Fig. 4).
Again, the difference was deprived of statistical sig-

nificance due to the erratic nature of delay events
(Spinelli and Visser 2008).

The graph in Fig. 5 was drawn using the cost fig-
ures reported in Table 1 and the estimated cycle times
obtained from the regression equation in Table 4, af-
ter correcting them with a 14.5% delay factor obtained
from the study itself. This graph offers a visual ac-
count of extraction cost as a function of extraction
distance, extraction mode (semi-suspended or fully-
suspended) and payload size. Extraction cost varies
from 9 to over 20 € m”, depending on the above-men-
tioned factors. All the rest being equal, switching to
full suspension results in a cost increase between 10
and 30%.

4. Discussion

The best feature of this study is the strictly con-
trolled experimental design, where only one factor
was changed at a time, and where both treatments
were tested under the same conditions and through
an equal number of observations. That is most rare in
cable yarding studies, which are most often observa-
tional in character (Lindroos and Cavalli 2016).

Despite a solid experimental design, the study still
has some limitations, especially when it comes to the
accurate estimate of delay time and machine cost. In
particular, the study was too short for offering a prop-
er assessment of delay time, which is best obtained
through long-term follow-up studies. Similarly, ma-
chine cost calculation was based on operator esti-
mates, especially in terms of service life, resale value
and maintenance cost. While resale values can be es-
timated using current market value (Visser et al.
2021), little is known about typical accumulated main-
tenance costs. In fact, even if that information was
available, it would be difficult to determine with the
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needed accuracy what proportion of repair cost of the
common parts would be caused by working with each
of the two carriages. While the maintenance needs of
each carriage are easy to attribute, it is more difficult
to allocate with sufficient precision winch and cable
maintenance cost to each treatment: operators often
report anecdotal information about higher cable wear
for conventional clamped carriages compared with
motorized dropline carriages and attribute it to the
high strain suffered by the cable during clamping and
bending on blocks, but no scientific evidence has yet
been produced about this issue. A third and more
general limitation is in the use of one machine, one set
up and one crew: while this does not invalidate the
comparison, it suggests much caution when using the
productivity and cost figures derived from this study
as a general benchmark.

The productivity figures are within the range of
recent similar studies, carried out by the same Au-
thors, with the same methods and in the same region.
For instance, the productivity of another V600 tower
yarder working downhill on a 230 m average distance
was estimated at 8.5 m®> SMH" or 12.1 m* PMH",
which is indeed very close to the results of this study
(Spinelli et al. 2015b). In the earlier study of the same
machine model, productivity was found to average
7.6 m®> SMH™ at a distance of 700 m (Spinelli et al.
2008), while — more recently — 14 to 18 m* SMH" were
reported for the larger V1000 at an average distance
of 150 m (Spinelli et al. 2017). While the agreement
with studies of the same machine type by the same
Authors in the same region hardly qualify as evidence
for wide generalisation, it certainly supports good lo-
cal representation and excludes gross errors in the
estimates presented here, demonstrating that the cho-
sen methods were properly applied.

The results of the elemental time study also offer
some interesting insights into the two different extrac-
tion modes. Full suspension is more complex to ob-
tain — not least because two cables must be spooled
out, attached and dragged in, instead of just one cable.
That shows in the longer loading and unloading time
recorded for the full-suspension treatment, and per-
haps also in the somewhat shorter lateral yarding
distance. The latter could be due to chance, but one
may not avoid the suspicion that operators — perhaps
unconsciously — would leave more distant loads for
the semi-suspended treatment because this way they
would have to pull out only one cable, instead of two.

Of some interest is the different way in which the
full-suspension treatment is reflected in the regres-
sion equations for outhaul and inhaul time: the out-

haul time equation shows a fixed effect, whereby the
double carriage takes a certain set time less per cycle
compared with the single carriage; in contrast, the
inhaul time equation shows a proportional effect,
whereby the double carriage takes a certain time less
per meter travelled compared with the single carriage
— that is, it travels faster. These different models may
represent the two different systems to a surprising
level of (conceptual) accuracy. The fixed effect of car-
riage type on outhaul cycle time may describe de-
clamping: the single carriage is a clamped model and
needs a specific maneuver before it can take off,
whereas the double carriage is not clamped and can
take off without any delays once it has dropped its
load. However, once moving, both carriages go equal-
ly fast when they are empty. Conversely, the inhaul
time equation shows that the double carriage is in-
deed faster during the loaded trip, which could be the
result of the load being more stable due to double
hitching: conversely, the single carriage would carry
a dangling load that may be subject to excessive oscil-
lation if travel speed is too fast. In that respect, this
equation seems to validate the hypothesis of full sus-
pension being a more suitable work mode when try-
ing to increase carriage speed — and indeed the mean
speed of the double carriage set up was higher than
that of the single carriage (Table 2). It is important to
stress here that the regression models reported in
Table 4 were selected from among a number of alter-
native functions, based on their significance and ex-
planatory value. Therefore, the specific and different
forms of the models for outhaul and inhaul are not
the result of a deliberate choice of the behaviour that
had to be represented, but just the outcome of a sta-
tistical process, whereby different effect types (i.e.
fixed effect or proportional effects) offered better data
fits - and only after that, the explanation offered above
was conceived.

With regard to the exponential form of the outhaul
and inhaul time equations, many of the existing mod-
els of yarder inhaul-outhaul time vs. distance have
linear form, pointing at a constant travel speed
(Viertler 2003, Spinelli et al. 2015b, Spinelli et al. 2017).
Exponential type curves have been previously used
for ground-based extraction machines (Spinelli et al.
2012), where a power function with an exponent <0.1
was used for the time-distance relationship to describe
travel speed increasing with distance as a result of gear
shifting (Zeci¢ et al. 2005, Spinelli and Magagnotti
2012). In contrast, the models developed in this study
show an exponential growth of travel time with
distance, indicating a loss of speed as distance in-
creases. In addition to the note in the results regarding
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the increasing variability that increased time with
distance, there was also an intermediate support
placed at a distance of 200 m from the tower. In order
to safely pass over the support, the carriage would
slow down as it approached it (Munteanu et al. 2017),
and it would not accelerate again since the furthest
loading point was just a few dozen meters away. That
would explain the time consumption peak recorded
near the 200 m mark, which has a strong leverage on
data fitting. Therefore, the models reported in Table 4
offer a very accurate representation of the observed
system, but should not be extrapolated to other set
ups or — especially — to distances longer than 250 m.
If one wanted to extrapolate these data over longer
distances, than a linear fit would be a better choice,
although its predictive power would not be validated
in the absence of suitable data points.

A further detail of some interest is the longer »dis-
entangle« time experienced under the full-suspension
treatment: while the erratic occurrence of this work
element prevented proper statistical validation, the
result is suggestive and matches with operators’ com-
plaints about the insufficient power of the motorized
carriage used for full suspension (37 kW), which often
struggled to break out entangled timber. In contrast,
the single carriage treatment used a simple mechani-
cal carriage powered by the yarder winch, which was
supported by a 175 kW engine (i.e. almost five times
as powerful). Hence, the higher pulling power of the
single carriage (38 kN vs. 20 kN) and the shorter dis-
entangle time. That would also indicate that the full-
suspension setup used for this study was not the most
suitable for salvage work in windthrown forests — al-
though that was the only work available in most of
the region during 2018 and likely until the end of
2020, and if one wanted to conduct such study with-
out waiting two or three years, then that would be the
type of operation one should settle for.

5. Conclusions

Under the conditions of this study, horizontal full-
suspension yarding resulted in an increase of extrac-
tion cost estimated between 10 and 30%, as shown in
Fig. 5. The faster travel speed of the loaded carriage
and the slightly larger payload did not compensate
for the higher cost and — especially — the lengthier
loading procedure. Therefore, this extraction tech-
nique should be deployed only when it accrues spe-
cific quantifiable benefits, such as moving the loads
clear of regeneration patches or native vegetation that
needs protection. Furthermore, the study did not
quantify the effect of horizontal full suspension on

cable tension, and it is possible that this extraction
mode may allow reducing tension peaks and increase
work safety. Another potential advantage of horizon-
tal full suspension is the higher outhaul speed, which
could be brought to bear on long extraction distances.
This study only tested the two techniques on rela-
tively short distances and the time consumption func-
tions obtained from it should not be extrapolated to
longer distances — but they should rather be recalcu-
lated through new tests. A better assessment of yard-
ing through horizontal full suspension should be ob-
tained after investigating two important issues — cable
tension and long distance extraction.
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