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Abstract

The objective of this study was to investigate the effects of stand conditions on the productivity of a harvesting
machine chain in early thinning stands. The studied harvesting chain consisted of Pro Silva Assi 810 harvester equipped
with an accumulating Naarva-Grip 1600-40 felling head and Timberjack 810 forwarder. The study was implemented on
two separate stands, which were divided into nine blocks; each with unique stand conditions. The stand densities of the
studied blocks varied from 2,000 to 7,750 stems per hectare and average tree length on the blocks were between 5.3—
9.9 meters. In these conditions the productivity in cutting varied between 4.7-8.5 m*h. Average productivity in cutting
was 5.8 m’/h. Forwarding productivity was 7.9 m*/h in average varying between 6.0-9.2 m3/h. The increase in stand
density and decrease in average stem size reduced less cutting productivity than forwarding productivity compared to

separate machine studies.
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Introduction

In Finland, there are targets to increase the an-
nual use of forest chips for energy production by 10
TWh (5 mill. m?) per year by 2010, and by 16 TWh (8
mill. m?) per year by 2015 (Anon. 2003, Kokkonen and
Hytonen 2006). These targets presuppose that the
harvesting of small-diameter (d, ,<10 cm) trees is dou-
bled, or even tripled, over the current harvesting vol-
ume. In order to increase the harvesting volumes of
energy wood in young stands, the harvesting costs
have to be reduced significantly. In thinning, a small
stem size, low removal per hectare, a high number of
remaining trees and dense undergrowth mean low
harvesting productivity. Several research papers have
suggested the rationalization of harvesting method for
solving the problems of harvesting small-diameter
wood using early thinnings (e.g. Lilleberg 1994, Berg-
kvist 2003, Gingras 2004, Kérhi 2006):

* Multiple-tree processing

» Careful selection of harvested trees and stands

* Fewer timber assortments

* Integration of pulpwood and energy wood har-
vesting

The careful selection of harvested trees and
stands is important in early thinnings. As there is a
significant relationship between the size of the felled
trees and the cutting costs, it is very important not to
cut too small trees. When harvesting energy wood from
early thinnings, most of the whole-tree stems felled
have a breast height diameter of 3—8 cm and typically
whole-tree removal is 40—-60 solid m’/ha. There are also
correlations between the average stem size removed
from the stand, removal density, and whole-tree remov-
al. In other words the smaller the felled stems, the
bigger the removal density, and therefore the smaller
the whole-tree removal. Based on the results concern-
ing the separate machine studies (Lilleberg 1994, Berg-
kvist 2003, Gingras 2004, Karhd 2006), it has been
suggested that whole-tree harvesting could be cost-
effective, if the trees with a breast height diameter of
1-2 cm would not be harvested at all as whole-trees
(Kérhia 2006). The guidelines for whole-tree harvest-
ing were the following:

* no individual trees with a breast height diame-
ter of below 5 cm should be cut, whereas

* trees of 3—4 cm breast height diameter growing
in sprouts can be cut.
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Processing more than one stem per harvester work
cycle, also known as multiple-tree processing or ac-
cumulating, can improve the productivity of harvest-
ing small-diameter trees. It is assumed the smaller the
trees to be harvested the better the possibilities to
apply multi-tree handling are and, subsequently, the
greater the potentials for cost savings in energy wood
and pulpwood harvesting. In the context of energy
wood harvesting, however, this assumption has not
been thoroughly studied. In this respect, the guide-
lines for whole-tree harvesting of small-diameter trees
have not been studied using scientific methods. When
energy wood is harvested using early thinnings, al-
most all energy wood harvester heads have been
equipped with accumulation properties, and multiple-
tree processing is very common. In whole-tree cutting,
the wood bunch typically consists of 2—4 trees (e.g.
Kérha 2006). However, the number of trees in felling
head can be even 15 trees at a time. The influence of
felling head load size on time consumption of cutting-
gathering-felling work phase is not accurately known.
Therefore, the influence of felling head load size on
time consumption of cutting-gathering-felling work
phase of single tree should be studied. Furthermore,
it is not known, even at a stand level, the influence of
felling head load size on time consumption of forwarder
for synchronizing the machine chain. The objective of
this study was to investigate thoroughly the effects
of stand conditions on the productivity of a machine
chain and to test the presented guidelines for whole-
tree harvesting.

Materials and methods

Study stands

Two separate study stands (1 and 2) were select-
ed near the town of Kannus in central Finland. Due
to internal variation of tree characteristics, the stands
were divided into nine different blocks: the first stand
included four and the second stand five blocks. The
blocks were measured in order to find out the stand
(tree) variables before the harvesting operations. Stand
variables were measured from sample plots which were
systematically dispersed over the blocks. On the ba-
sis of the measurements the number of trees per hec-
tare, the average height, the average diameter and total
volume were calculated (Table 1).

Time study

To find out the productivity of harvesting opera-
tions, a time study was conducted using continuous
time study method. In the continuous time study meth-
od, a clock is running continuously and the changing
moment of a work phase is recorded. In this study the

Table 1. Study stand characteristics

Average Average Volume, Area,
Trees/ha  height, m  diameter, cm m’/ha ha

Stand 1
Block 1 5800 8.9 7.0 76 0.59
Block 2 7000 8.5 8.0 195 0.42
Block 3 2600 9.9 9.6 73 0.39
Block 4 2000 9.4 9.9 77 1.44
Stand 2
Block 1 6100 5.3 4.7 58 0.68
Block 2 5340 6.0 5.3 39 0.51
Block 3 7750 5.8 5.6 67 1.53
Block 4 4600 6.8 6.1 62 1.65
Block 5 3430 5.6 5.7 42 0.44

focus was on effective work time (E ), which does not
include breaks. In the time study the work was sepa-
rated into detailed work phases for both cutting and
forwarding. The following work activities were observed:

Cutting:

1. Cutting-gathering-felling: Steering of felling
head to the base of a tree. Work phase started when
the previous work phase had ended, typically, after
crosscutting on the ground or releasing of previous
load from the harvester head, and ended when the load
was released from the felling head. Accumulating fell-
ing head enabled gathering of several trees into the
felling head at the same time, which for the number of
felling cuts was observed.

2. Crosscutting on the ground: A work phase
where harvester operator crosscuts a bunch of trees
on the ground.

3. Moving: Began when the harvester started to
move and ended when the harvester stopped to per-
form some other activity. Included also boom-in work
phase where the felling head was swung in front of
the machine before moving.

4. Delays: Included all short breaks that are not
related to effective work, e.g. repairing and mainte-
nance, phone calls, efc.

Forwarder:

1. Driving empty: Began when the forwarder left
the landing area and ended when the forwarder
stopped at the first loading place to start loading.

2. Loading: Began when the operator started to
move the loader from the bunk and ended when the
grapple loader was resting on the bunk and the for-
warder started moving phase. Work phase could end
also for a break or another interruption.

3. Driving while loading: Started when the for-
warder started to move from the previous loading stop
and ended when the forwarder stopped at a new load-
ing stop.
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4. Sorting the load: 1If the operator needed to sort
the trees in the bunk, this time was separated from the
loading time.

5. Driving loaded: This time started after the last
grapple load of the last loading stop and ended when
the operator started to unload at the landing.

6. Unloading: Started when the operator started
to move the loader and ended when the bunk was
empty and driving empty started.

7. Break: Included all breaks.

The study harvester was Pro Silva Assid 810
equipped with Naarva 1600-40 accumulating felling
head. An accumulating felling head enables gathering
of several trees into the felling head before placing
the bunch of trees on the ground. Felling cut is per-
formed with a guillotine blade. The forwarder used in
the study was a Timberjack 810 with a carrying capac-
ity of 9,000 kg. The grapple of the forwarder was
equipped with a load scale, which enabled measuring
the load weight. One person operated the harvester
and another the forwarder in both stands studied. The
operators were experienced and were asked to work
the same way as they normally do. Strip roads were
not pre-marked, which for the operators planned them
during the work. General directives were followed
when determining the appropriate thinning density. The
harvester operator made the tree selection in cutting.

The proportions of work phase times of the har-
vester were calculated by dividing the work phase time
by total effective time. The number of felling cuts was
calculated, which enabled the calculation of average
felling head load size (= trees in felling head). In ad-
dition, a model describing time consumption of single
tree as a function of felling head load was formed. The
proportions work phases and productivity of the for-
warder were calculated the same way as the values of
the harvester. The productivity for each block was
calculated by dividing production by effective time.
The productivities presented in mass were converted
into cubic meters by using multiplier 850 kg/m3. The
multiplier was an estimation of the average green tree
density. Total observed effective time in cutting was
61.2 hours and in forwarding 43.9 hours.

Results

Cutting

In stand 1 cutting-gathering-felling work phase
times varied between the blocks from 13.3 to 14.7 sec-
onds and in stand 2 from 13.5 to 14.7 seconds. In both
stands the average time for cutting-gathering-felling
was the same, 14 seconds. In stand 1, the moving work
phase took, on average, 10.5 seconds and 10.3 sec-
onds in stand 2. The average time consumption of

crosscutting on the ground work phase was 16.5 sec-
onds in stand | and 16.2 seconds in stand 2. The struc-
ture of total time consumption consisted almost exclu-
sively of cutting-gathering-felling work (Table 2). Pro-
ductivities of each block varied rather little with the
exception of productivity value 8.5 m*/h in block 4
being the highest productivity in the study. The low-
est productivity, 4.3 m*h, was in block 5.

Table 2. Proportions of effective time in cutting work phases
and productivities of each block

Cutting- Crosscutting

gathering-  Moving, on the Productivity,

felling, % % ground, % m’/h
Stand 1
Block 1 93 6 1 53
Block 2 85 6 10 5.7
Block 3 88 11 1 6.4
Block 4 88 9 3 8.5
Average 88 8 6.4
Stand 2
Block 5 93 6 1 43
Block 6 91 8 1 54
Block 7 94 5 1 4.7
Block 8 88 8 4 6.0
Block 9 90 9 1 52
Average 91 7 2 5.1

It was assumed that a decreasing stem size in-
creases the number of trees in the felling head. How-
ever, the results showed that in stand 2, where the trees
were generally smaller than in stand 1, the average
number of trees in the felling head was smaller. In
stand 1 the mode value of stems in the felling head
was three when in stand 2 the mode value was one or
two. In stand 1, 90 % of the felling head loads includ-
ed more than one stem when in stand 2 the number
was 78 %.

The influence of felling head load size on time
consumption of cutting-gathering-felling work phase
of single tree was studied. For each block each fell-
ing head load size an average time consumption was
calculated for the cutting-gathering-felling time. In
Figure 1 the time consumption of single tree as a func-
tion of number of trees in felling head is presented. It
is noticeable that after nine trees the time consump-
tion starts to increase.

Forwarding

The average forwarding load volume was 1,500 kg
higher in stand 1 than in stand 2 (Table 3). Load
weights varied from 3,600 to 6,600kg which is much
lower than the maximum carrying capacity of 9,000 kg.
In stand 2, productions were rather identical on blocks
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Figure 1. Time consumption of single tree as a function of
number of trees in felling head in cutting-gathering-felling
work phase

Table 3. Number of loads, average load sizes, productions,
average driving distances and productivities for each block

Number  Average Driving
of loads loadsize, Production, distance, Productivity,
kg m’/ha m m’/h

Stand 1
Block 1 5 6600 60.0 420 8.2
Block 2 6 5350 84.1 370 8.4
Block 3 2 5700 34.6 390 8.0
Block 4 8 6400 40.3 450 9.2
Average 6000 54.7 408 8.6
Stand 2
Block 5 6 4410 42.4 290 8.0
Block 6 3 3600 20.9 300 6.6
Block 7 13 4950 47,9 430 74
Block 8 14 4800 46.6 450 7.0
Block 9 2 4550 24.2 500 6.0
Average 4500 36.4 394 7.2

5, 7 and 8. However, driving distance varied between
the blocks; with the lowest being block 5 resulting in
the highest productivity. The same kind of situation
was also in blocks 6 and 9. In stand 1, the highest
productivity was reached in block 4.

The proportion of effective time in the forward-
ing work phases indicated that most of the effective
work time, about 35 %, was used in the loading work
phase. Both driving empty and loaded took about 20
% of the total time. Unloading took about 15 % of the
effective time and driving while loading about 10 %.
The proportion of sorting time was minimal; 1 %. The
largest differences between the stands were in load-
ing and driving while loading phases.

M Stand 1 O Stand 2

40
30
L 20

10 7 .'_

0 - T T T T T —
Driving Loading Driving Sorting the  Driving Unloading
empty while load loaded
loading

Figure 2. Proportions of effective time in forwarding work
phases in both study stands

Discussion and conclusions

In cutting work, contrary to assumptions, stand
characteristics had low influence on the proportions
of work phase times. For example, in cutting-gather-
ing-felling work phase times varied only 6 %-units
between the blocks. On the other hand, for blocks 3,
4, 6, 8 and 9 the moving phase times were a little higher
than the average, which can be explained by the low-
er tree density: in a sparse stand the number of trees
felled in one working location is higher and therefore
the machine need to be moved more frequently. On
block 3 the number of crosscuttings on the ground
was considerably higher compared to the other blocks.
A rational determination variable for this would be the
height of trees, but in this study it did not explain the
time consumption since the average height on that
block was approximately the same as in other blocks.

In stand 2, where the trees were generally smaller
than in stand 1, the average number of trees held by
the felling head was smaller. This can be explained by
two ways. First, in stand 2 the number of spruce (Pi-
cea abies (L.) Karst.) under growth was higher than
in stand 1. Spruce has a large number of branches,
therefore, the felling head fills up fast and the brach-
es limit the visibility of the operator. Second, in stand
2 the number of sprout trees was higher than in stand
1 so it was possible to get several trees into the fell-
ing head in one felling cut. The work observer count-
ed only the number of felling cuts, not the number of
trees, as counting the trees would not have been pos-
sible to perform safely during the work.

The hypothesis was that accumulating harvester
head reduces the handling time for a single tree, which
is a consequence of the fact that the positioning of
the felling head and felling times of single trees de-
creases. This hypothesis was confirmed in this study
with a condition that the average number of trees is
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less than 10. The results also slightly show that when
the felling head has 10 trees the handling time of a
single tree starts to increase. That is a rational result,
but additional studies are needed to confirm it. An
average cutting-gathering-felling time has been stat-
ed to be dependent on the felling head load size, time
consumption of gathering and the speed of crosscut-
ting and felling movements (Laitila et al. 2004). The
felling head load size is dependent on the size and the
spatial distribution of trees. Instead, the speed of fell-
ing head movements is dependent on the characteris-
tics of the felling head, hydraulics and the operator’s
skills.

The results show that the number of trees per
hectare and tree size influenced cutting productivity
more than the production of an area since the highest
productivity was reached on a block where the number
of trees per hectare was smallest but the tree size was
the highest. Corresponding productivity values and
variations between different kinds of stands as in this
study has also been obtained in other studies (Kérha
et al. 2002, Mikeld et al. 2003). In forwarding work
the proportions of work phase times followed the re-
sults of previous studies (Laitila et al. 2004). Cutting
and forwarding productivities were a little higher in
his study. Only the forwarder’s sorting the load time
was considerably small in this study. When calculat-
ing productivities the harvested mass was converted
into cubic meters by using multiplier 850 kg/m3. How-
ever, the green mass varies between the tree species
to some amount and, for this reason, loads including
various tree species should have been divided into tree
specie specific masses on the basis of sample plot
measurements. This might cause some error in the
productivities.

The objective of this study was to investigate the
effects of stand conditions on the productivity of
harvesting machine chain in small-diameter stands. The
study blocks were cut by same person and the bunches
of trees were forwarded by another person. For this
reason, the worker efficiency does not influence the
results, which is the problem in a case of many oper-
ators and stands. Therefore, the influence of stand
characteristics on the performance of harvester and
forwarder is reliably clarified. However, the productiv-
ity values cannot be generalized to a larger popula-
tion since the number of operators, stands and ma-
chines was minimal. Similar studies would be useful
to repeat for various stand conditions.

In this study stand characteristics were measured
from sample plots which were systematically dispersed
over the blocks. In each block the sample plots cov-

ered about 10 % of the block’s area, which for the
sample size was sufficient to describe the stand char-
acteristics. In addition, the sizes of stands were large
enough for sufficient harvesting data. In sample tree
selection the intention was to choose trees visually
representing average characteristics of the block. This
might have influenced the results since the selection
system based on measurements would have been more
reliable, but too expensive to execute in practice. How-
ever, measurers were experienced for reliable work.

To conclude, the presented guidelines for whole-
tree harvesting were supported, because the produc-
tivity of harvesting of small-diameter trees decreased
for individual trees. The results also confirmed previ-
ous assumptions of the suitability of the accumulat-
ing felling head for whole-tree harvesting in early thin-
nings. In total, whole-tree harvesting with accumulat-
ing felling head seemed to be a suitable method to cut
energy wood, where the use of other harvesting meth-
ods is challenging.
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IMPOU3BOJUTEJIBHOCTh COBPEMEHHON MAIIIMHHOM 3ATOTOBKHM DHEPTE-
THUYECKOI'O JPEBECHOI'O CbIPbS B HACAKJAEHUAX C PA3JIMYHBIMHU Y CJIO-
BUAMM ITPU PYBKAX YXOJIA

X. OBackaiinen, T. Ilananaep, M. fAyxuaiinen, 5. Jextumsieku, JI. Tukkanen n 10. Hypmu

Lenbro 3TOrO0 HICCIETOBAHUS OBLUIO H3YYUTh MPOU3BOIUTEIHLHOCT MAIIMHHON 3aTOTOBKH YHEPTETHIECKOTO IPEBECHOTO
CBIPbS B HACAXKICHHUAX C Pa3IMYHBIMH YCIOBUAMU IIPH pyOKax yxoza. M3ydeHHas BaJo4Has LEMOYKa COCTOsIa U3 XapBecTepa
Pro Silva Assid 810, 0CHaIIEHHOTO BBIBUTAIOIICHCS BaIOUHOW rooBkoii Naarva-Grip 1600-40 u gopsapaepom Timberjack
810. Hccnenosanue MpoBOMUIIOCH B IBYX HACAKICHUSX, KAXK0C U3 KOTOPBIX OBLIO pa3ieieHo Ha 9 OJIOKOB, B COOTBETCTBUH
C OIIpEeZENIECHHBIMH XapaKTEePUCTHKAMH ApeBocTos. ['ycToTa HacaxIeHUs B M3ydaeMbIX OJokax BapeupoBasack ot 2000 mo
7500 mHei#t Ha TeKTap W CpeiHeH BBICOTOH nmepeBa 5.3-9.9 meTpoB. B Takux yCIIOBHSAX NMPH3BOAUTENBHOCTH PYOKH OBLTA B
uHTepBaine 4.7-8.5 m3/uac. CpenHsist IPOAYKTHBHOCTh pyOKH Obuta 5.8 m3/uac. CpenHss NMPOIYKTHBHOCTH PaboOThI
¢dopsapaepa Obuta 7.9 M3/uac u BapbupoBasiach B uHTepBasie 6.0-9.2 m3/yac. YBenuueHUe TyCTOTHl HACAKIECHHUS U
yYMeHBIIEHHEe CPEIHEro pa3Mepa CTBOJIA NPHBEIO K MEHBIIEMY CHI)KEHHIO NPOM3BOJIUTEIILHOCTH MPH PyOKe XapBECTEPOM,
4eM IIpU TPAHCHOPTHPOBKE (OpBapAepoM, IPU UX pa3elIbHOM H3yUCHUH.

KiroueBble cioBa: OHEPTETUYCCKOEC APEBECHOE CHIPHE, MHOTOLECIECBOEC HUCIIOJIB30BaHUC NE€PEBA, BBIABUTAIOLIAACAH
BaJIOYHas I'OJIOBKA, XJIBICTOBAs 3aroTOBKa
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