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ABSTRACT

This work was carried out in a teak plantation in the state of Mato Grosso, Brazil. The objective was to evaluate
technical and economic indicators of the cutting and processing of trees with a track harvester. Twenty complete
work shifts were evaluated using direct thinning to determine operational cycle times. Other information was also
recorded for the calculation of production costs. The second thinning was performed at 12 years, with a volume
of 0.1648 m*/tree, and the third thinning at 18 years with 0.3408 m®/tree. The main finding was an increase in
productivity and decrease in production costs with rising tree volumes. For each hour of effective work, 53 trees
were cut (339 trees/day), and processed into 1,047 logs. The decrease in the cost of cutting and processing trees in
proportion to the increase in the average volume of trees to be extracted was confirmed.
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1. INTRODUCTION

Teak plantations in Brazil are located mainly in the states
of Mato Grosso, Para and Rondénia, occupying an area
of approximately 80 thousand hectares. The leading state
is Mato Grosso, with 70 thousand hectares distributed in
several municipalities, especially Caceres, Quatro Marcos,
Porto Espiridido, Tangard da Serra and Alta Floresta.
The species has been planted in these states due to the good
soil and climate conditions in relation to other regions of
Brazil and the world, as well as the high value of the wood
(Takizawa, 2018). Simultaneously, tree cutting and processing
operations have intensified, reflecting the acquisition of
machines capable of meeting demand. In this respect, many
companies have purchased harvesters to do work formerly
carried out with chainsaws.

An alternative for tree harvesting is the use of tracked
tractors equipped with processor heads. This is an attractive
option mainly due to the low acquisition cost and the
existence of models manufactured in the country, facilitating

technical assistance and purchase of spare parts (Seixas &
Batista, 2014). According to those authors, tracked harvester
models have lower operational cost than wheeled models
on flat terrain, and the productivity results are similar.
Spencer (1992) and Johansson (1995) previously published
similar results.

Bezerra et al. (2011), studying several scenarios of the
production of teak from seeds in regions of the state of Mato
Grosso, found that due to slow tree growth and high production
costs, it was not possible to achieve economic viability of teak
production. The performance of the machines used has a strong
influence on the production economics.

The effect of the land slope on the harvester performance
has also been studied by several authors. In some cases, there
were productivity losses of up to 38% and cost increases of
up to 200%. The maximum harvesting complexity occurs in
areas with steep inclination and clayey soils in the wet state,
including greater risk of accidents (Tolosana et al., 2002; Lopes
et al., 2007; Simdes et al., 2010; Fernandes et al., 2013; Silva
et al., 2014; Ackerman et al., 2018).
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The type of assortment also influences the productivity
of tree processing. The operation of removing the bark
and dismantling the tree consumes approximately
60% of the time in the harvester’s operational cycle.
The processing time is also greater to produce shorter logs
(Silva et al., 2010). Hildt et al. (2018) found an increase
in chopping time of up to 21% when the number of cuts
per tree increased.

The selective cutting of thin trees forces the machine
operator to take greater care to identify and cut and process
the indicated trees in comparison with clear cutting, so as
to avoid damage to remaining trees. This is corroborated
by the results published by Karha et al. (2004), Mederski
(2006) and Hildt et al. (2018), showing a decrease in the
productivity of cutting and processing, and an increase in
the cost of production compared to clearcutting.

The harvester operator’s experience is another
important factor of operational performance. According
to Leonello et al. (2012) when evaluating a group of
operators between 23 and 46 years of age, there was a
large increase in operational performance in the first
18 months of experience, and it continued to rise in the
next 26 months, while after 44 months the yields tended
to decline or remain at the same level. This finding
suggests that approximately 50 months of work is needed
to recycle the operators’ training to enable further growth
of their skills. In this same sense, Purfiirst and Erler
(2011) conducted an investigation with 32 operators over
a period of three years and concluded that the average
volume of trees and the machine operator explained 84%
of the general variation in productivity. The operator only
explained 37.3% of the difference in productivity when
working with the harvester.

Several studies have been published in Brazil on the
mechanized operation to cut and process trees in plantations
of Eucalyptus spp. However, there are no data on the
performance of machines for the selective cutting for thinning
of teak trees that allow proper planning of activities. Hence,
the objective of this study was to investigate the influence
of volume of the trees on the productivity of mechanized
cutting and processing.

2. MATERIAL AND METHODS

2.1. Location and characterization of the
study area

The study was conducted in a teak plantation in the
state of Mato Grosso, located in the Midwest region

of Brazil, at coordinates 10°03’10” S and 56°49°32” W.
The climate of the region has two well-defined seasons, with
rainy summer from December to March and dry winter
from June to September, and average annual temperature of
25.4 °C. The average annual rainfall recorded in the region
is 2,281 mm. The terrain is undulating with slopes that do
not exceed 15%. The soil is clayey with good drainage. The
initial planting arrangement was 4 x 2, with 1,250 trees per
hectare. The seedlings were produced by the company from
seeds obtained in Mato Grosso.

In the first thinning, the intensity was 40% at the age
of 6 years, when 500 trees were extracted with a volume of
31.25 m’/ha, using a chainsaw for cutting and processing
the trees. The second thinning was at the age of 12 years,
with intensity of 40%, and the volume extracted was
49.44 m*/ha. The third thinning occurred at the age of
18 years, with intensity of 45% and harvested volume
of 68.84 m’/ha. In the last two cases, the thinning was
performed with a harvester.

The intensity of each thinning was based on the number
of trees allowing maintaining competition among them
and guaranteeing the greatest increase according to results
determined in the region. The selection of the trees to be
extracted in each thinning followed two main criteria:
(i) selective, to eliminate trees with stunted growth, trunk
defects, deformed or irregular crowns and/or presence
of pests, considering that the final objective is to obtain
logs of high commercial value; and (ii) systematic, to
maintain the spatial distribution of the trees throughout
the planted area.

2.2. Harvest system, description of the process
and characteristics of the machine

The harvesting system used was cut-to-length, with
the sequence of felling, disassembly, cutting, trimming
the trunk and stacking the logs with the harvester.
The machine moved between two rows by cutting the
previously selected trees covering two rows of trees on each
side. The logs were stacked and prepared for transport, as
observed in Figure 1.

The base machine is composed of a Caterpillar tracked
tractor, model 315D, 86 kW engine power, equipped with
an articulated arm with horizontal reach of 8 m and a Log
Max head, model 5000, with maximum roller opening
519 mm, feed speed 4.1 m/s and maximum cutting capacity of
630 mm. The operational weight of the machine is 17 280 kg.
The machine operator had more than five years of experience
performing the operation.
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Figure 1. Harvester cutting and processing in teak plantation.

2.3. Data collection and processing

For the collection of data, the total time of the working
day was divided into effective time and interruption time.
The first included moving time (movement by the machine
from one tree to another and clearing of undergrowth);
felling time (positioning the head on the trunk, making the
cut and toppling the tree); and processing time (delimbing,
bucking and sorting of logs).

The interruption time was divided into mechanical
(general review of the machine, light repairs, fueling, cutting
system adjustments); operational (cleaning the machine
with dry leaves and branches, receiving instructions from
the manager, unfavorable weather conditions) and personal
(satistying basic operator needs).

Each tree cut and processed was considered an operational
cycle. Twenty working days were evaluated between the
months of June and August 2018. In each cycle, each of
the mentioned times was recorded continuously using two
stopwatches. Interruption times did not occur in all cycles.
Subsequently, the sample size was calculated using the
expression proposed by Barnes (1968).

Through pre-sampling, the minimum number of operational
cycles was estimated for an allowable sampling error set at
5% and 95% probability level (Equation 1).

t2xCV?
n>———

[ (1)

Where:

n = Minimum number of operational cycles required;

t = Student t-value, at the desired probability level and (n-1) degrees of freedom;
CV = Coeflicient of variation (%);

E = Permissible error (%).
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2.4. Calculation of technical indicators of
cutting and processing with harvester

The equations for the calculation of technical indicators
are presented below (Equation 2 — mechanical availability;
Equation 3 - operational efficiency; Equation 4 - effective
productivity).

MA:M*IOO (D
T
Eop=—4 100 3)
Tef +Ti
Ve

P€f. =@ (4)

Where:

MA = Mechanical availability (%);

WT = Total work time per day (h);

IT = Interruption time for repair and maintenance (h);
EOp = Operational efficiency (%);

Tef = Effective working time (h);

Ti = Time of operational interruptions (h);

Pef = Effective productivity (m*/h);

Vol = Volume produced (m?); and

Regression analysis was performed using as independent
varijable the average volume of trees to estimate the effective
productivity of the operation. Transformations of the model
variables were performed. For the adjustment and selection
of the model, the coefficient of determination (R?), standard
percentage error (Syx%) and graphical analysis of residuals
were used. A total of 483 work cycles were randomly selected
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to calculate the sample size. The work cycle number was
defined according to the calculation of a pilot study, based
on the coeflicient of variation, for an error of 5% and 95%
probability level.

The commercial volume produced in each cycle was
recorded and stored in the computer installed in the machine’s
control cabin and extracted at the end of each day. Other data,
such as the wages of the operators and acquisition cost of
the machine, among others, were provided by the plantation
owner. The method recommended by Sessions and Sessions
(1992) was used to calculate the machine’s operating cost
and production cost.

The general formulas are: Equation 5 — operational cost
of the machine; Equation 6 - cost of production.

Cop.=Copf+Copv+Copm (5)

Cp= Cop. (6)
Pef
Where:
Cop. = Operational cost of the machine (US$/h);
Copf = Fixed cost (US$/h);
Copv = Variable cost (US$/h);
Copm = Labor cost (US$/h).
Cp = Cost of production (US$/m?).

3. RESULTS

3.1. Time analysis of cutting and processing
harvested trees

During the 20 workdays, we observed an effective
operating time of 71.2% and interruption time 28.8% in
9 hours of work. The actual time consumed more than 60%
of the process, as shown in Figure 2. During the process,
it was necessary to carry out three operations: felling, which
was difficult because the trees had heavy branches in many
cases due to the lack of appropriate treatment; removing
branches and cutting trunks into logs; and stacking the logs
for later collection.

The cutting consumed slightly more than 30% the time,
including gripping the trunk in the machine head, cutting
the tree and processing it into logs. Although the trees were
young, most had irregularities at the base of the trunk where
the cut was made, and the operator had to find the most
favorable position. The movement of the machine between
trees constituted 3.6% of the effective time. For each hour
of effective work, 53 trees were felled and processed on
average, and in the work shift, 339 trees were felled and cut
into 1,047 logs (approximately three logs per tree).

The mechanical interruptions of the machine represented
60%, including breakdown and repair, sharpening of the cutting
chain, and fuel supply. Operational interruptions accounted
for 22.2%, especially for stops to clean branches and leaves
that fell near the tractor’s engine (which can cause fires).
The interruptions related to the operator were minor, caused
by physiological needs. This distribution provided mechanical
availability of the machine of 82.7%, operational efficiency
of 71.1% and average effective productivity of 10.8 m*/h.

Felling (%);
34.1

Operational (%)
2.3

Effective operating time Interruption time

Figure 2. Distribution of working time in the cutting and processing
of trees.

3.2. Statistical model to estimate productivity
vin cutting and processing trees

To determine the required sample size, 483 operational
cycles were used. According to the calculation of the pilot
study, it was necessary to cut and process 259 trees or cycles,
with a coeflicient of variation of 36%, for an error of 5%
and 95% probability level. Through the regression analysis,
alinear statistical model was obtained that was able to estimate
the productivity values based on the size of the trees with a
coeflicient of determination of 0.76.

As can be seen in Figure 3, the volume of trees had a strong
influence on the cutting and processing productivity, showing
values of approximately 6.0 m*/h for trees with volume of
0.15 m?, while for trees with volume of 0.35 m?, productivity
reached values greater than 14.0 m*/h. This trend is explained
because to cut and process a cubic meter of small trees, the
machine has to move and perform operations more often
than for large trees. For trees with a volume of 0.20 m?, it
was necessary to locate, move, cut down and process five
trees, while with trees having volume of 0.35 m® it was only
necessary to perform these operations on three trees to
produce a cubic meter.

The productivity values in addition to increasing with
the size of the trees, also showed dispersion, which occurred
because in trees with greater diameter, the deformation at the
base of the tree is greater, making it more difficult to place
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the harvester head in the most favorable position to secure
the bottom of the tree and make the cut.

20.00

Prod.=43.5612 * (Tree vol.) - 0.5278

18.00
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12.00

Productivity (m?/hef)
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Tree volume (%)

Figure 3. Effective productivity according to the volume of trees.

3.3. Operational cost of the harvester for the
cutting and processing of trees

The total operational cost of the machine was US$ 80.66/h,
30.7% allocated to fixed costs and 69.3% to variable costs
(Figure 4). Within the fixed costs, the highest values were the
depreciation of the machine (15.5%) and labor cost (12.4%).
Interest costs, taxes and insurance represented 2.8%.

Replacement|

Variable Cost (%):
69.3

Figure 4. Distribution of the operational costs of the harvester.

Within the variable cost, fuel was the highest, with
22.1%, followed by repairs and maintenance, 16.7%. Also
significant were the cost of parts, amounting to 12.8% of the
total, hydraulic and lubricating oils, 11.0%, and grease, 6.6%.
More than 66% of the operational cost was concentrated in
depreciation, salary, fuel and repairs.

3.4. Cost of production for the cutting and
processing of trees.

As shown in Figure 5, the result of the estimated
effective productivity from the statistical model obtained
above, as well as the cost of production, depended on the
size of the trees. Since the production cost is obtained by
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relating the operational cost of the machine and the effective
productivity, the tendency is for the production cost to
decline as productivity increases.

Productivity (m?/hef)
s
Production cost (US$/nr?)

1
1
1
0.

0.10 0.15 0.20 0.25 0.30

Tree volume ()

Figure 5. Productivity and production cost depending on tree
volumes.

According to the information in Table 1, the average
volume of trees subjected to the second thinning was 0.1648 m*
and the volume of trees of the third thinning was 0.3408 m>.
The dashed line in Figure 5 shows productivity of 6.5 m*/h and
production cost of approximately US$ 12.00/m” for cutting
and processing in the second thinning with the harvester,
while for third thinning, productivity exceeded 14.0 m*/h,
with a production cost of less than US$ 6.00/m”>.

Table 1. Information on the characteristics of the teak plantation
subjected to thinning.

Number Trees

Trees Intensity of DBH Volume
(ha) cnlergaall thinning (%) D (cm) (m®/tree)
thinning (ha)
1250 Ist (6) 40 500 12.75  0.0625
750 2nd (12) 40 300 18.46  0.1648
450 3rd (18) 45 202 24.37  0.3408
4. DISCUSSION

Tolosana et al. (2002) published results on the performance
of several harvesters working in Pinus sylvestris plantations
for thinning with different slopes in northern Spain. The
authors reported the influence of the average volume of
trees extracted and the slope of the land on the productivity
of the harvesters. The statistical models obtained included
these two variables for the estimation of productivity. They
also referred to the intensity of thinning over productivity.
They suggested that for a cutting density of 25.0 m*/ha,
the difference in costs between an almost zero slope and
another of 25.0% was greater than US$ 35.00/m?. For a
cutting density of 150.0 m®/ha, this difference did not
reach US$ 8.00/m>.
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Kidrhaé et al. (2004) compared two harvester groups
working for Pinus sylvestris thinning, with a cutting rate
of 44.0 m*/ha. Four machines were used: Nokka Profi and
Timberjack 770, the most expensive ones; and Sampo-
Rosenlew 1046X and Valtra Forest 120, more compact and
economical. The productivity values obtained in thinning
ranged between 4.0 and 12.0 m®*/h, very similar to the
productivity obtained in this work. The authors pointed
out that the cost of the first thinning was US$ 7.50 for
14.20/m? for the Nokka and Timberjack machines, for
trees with volumes of 0.050 to 0.100 m>. The corresponding
cost of the Sampo and Valtra machines was US$ 5.70 for
10.50/m>. In the second thinning, the production cost for
the first machine group was US$ 5.90 for 8.50/m? for trees
with volumes of 0.100 to 0.150 m?® and the cost of the second
group of machines was US$ 4.70 for 6.70/m>.

Sirén and Aaltio (2013) evaluated three harvester models
for the cutting and processing of Pinus sylvestris in thinned
forests, cutting a volume between 42.9 to 45.2 m*/ha, followed
by chopping the trees into logs between 3 and 5 meters in
length. The mechanical availability obtained was 84.5%, the
operational efficiency was 76.3%, and the average productivity
was 6.92 m*/h. The most common interruptions involved
the spindle, and especially the cutting assembly, followed by
planning and contact with the supervisor, and those caused
by the operator. The operational cost of the harvesters was
US$ 50.60/h and the cost of production between US$ 5.00 and
6.00 /m? for trees with 0.16 m®. Those findings correspond to
the distribution of working time and the effective productivity
obtained in this study, and the production cost increased by
50.0%, influenced by the difference in the operational cost
of the machine evaluated in this study of more than 38.0%.

MacDonagh et al. (2013a) analyzed the performance of a
John Deere 1070 D harvester combined with an H 754 head
working in Pinus spp. plantations, in first thinning with 4 rows
and second thinning with 7 rows, with average volumes of 0.79
and 0.76 m®/tree. They found productivity values of 14.2 m*/h
and 12.15 m*/h, respectively, while for the second thinning,
with an average volume of 0.354 m*/tree, the productivity
rose to 30.81 m’/h. The operational cost reported by the
authors was US$ 47.50/h, and the production cost was less
than US$ 5.00/m* for cutting and processing in both thinning
operations. The low production cost obtained by the authors
was due to the large difference in the operational cost of the
harvester studied and the high productivity of the operation,
in turn influenced by the average volume of the trees.

MacDonagh et al. (2013b) evaluated a small harvester
formed by a Caterpillar model 312D tractor weighing
12 920 kg, with a Log Max 5000 processor head of 924 kg.
The operation was carried for the first thinning of plantations

of Pinus spp., on land with gentle slope, with average tree
size of 0.128 m*and cutting rate of 83.4 m® / ha. For these
conditions, productivity reached 12.99 m*/h and production
cost was US$ 4.82/m> These results were mainly due to
differences in the operational cost of the machines and
coincided with the findings of other studies conducted
in Brazil by Lopes et al. (2007), of US$ 115.72/h; Martins
et al. (2009), of US$ 113.28/h; and Simdes et al. (2010),
of US$ 78.78/h. An exception was Silva et al. (2010), who
reported a value of US$ 52.27/h, using an interest rate
of 6%. All values exceeded the operational cost of the
aforementioned authors, which explains the differences in
the production cost.

Lopes et al. (2017) conducted a study to verify the effect of
operational variables on the productivity of a wheeled harvester in
the first thinning of Pinus taeda in the state of Paran4, Brazil. The
individual volumes of the trees were 0.17 to 0.23 m®. Productivity
ranged from 14.4 to 16.5 m*/h in three ranges of terrain slope,
without significant differences. However, productivity values
showed significant differences for the variable individual tree
volume. The explanation for this fact was that most of the machine
was devoted to processing the trees, causing a greater effect on
productivity than slope of the land, which mainly influences
the movement of the machine. The mechanical availability and
operational efficiency of the harvester according to the authors
were 91% and 83%, respectively.

Hildt et al. (2018) published productivity estimates of a
Logman 801 H (HV 1) harvester, with tires and 4x4 traction,
equipped with a KETO 150 head, for thinning plantations
of Pinus taeda and Pinus elliottii in northeastern Argentina.
The trees harvested in the second thinning had average
volumes of 0.43 m® for 12-year-old Pinus taeda and 0.36 m®
for 10-year-old hybrid pine, while in the third thinning,
these values were 0.71 m® for Pinus taeda aged 13 years
and 0.75 m? for hybrid pine aged 15 years, respectively. The
productivity values ranged from 34.6 to 44.7 m?*/h, higher
than those registered by other authors, explained by the
higher volume of trees compared to the average volume
presented in other studies.

5. CONCLUSIONS

Based on the results, we can conclude:

o The values of mechanical availability, operational
efficiency and productivity were close to the results
of several other studies of the cutting and processing
of trees for thinning, although there was dispersion
of the values of effective productivity when the size of
the trees increased due to the trunk characteristics of
the species studied.
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o  Theaverage volume of trees was strongly correlated with
the productivity of cutting and harvester processing,
which justifies its use as an appropriate variable in
statistical models to estimate the productive performance
of the machine.

o The trend of the increase in the cost of production in
the cutting and processing of trees in proportion to the
increase in the average volume of trees to be extracted was
confirmed, and the values obtained agreed with those of
several other researchers, with some divergences caused
mainly by differences in operating costs of machines.
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