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Abstract 

Identifying effective methods for harvesting wood in short-rotation planted forests has recently 
become challenging, especially when trying to balance differing perspectives on the issue. In 
addition, practice in such forests may be highly variable from one place to another, and models 
are required to better understand the effectiveness of planted forest management and to make 
better decisions. A simulation experiment was setup in this study to understand how the produc-
tive performance of farm tractors, which is a common technical option in Thailand, is affected 
when extracting small-sized eucalyptus payloads sourced by very short cycles. Two tractors 
(hereafter T1 and T2) of different class size and fitted with backhoe grapples were selected and 
monitored via GNSS. Operational events were extracted from GNSS data, and were character-
ized by their speed, while payload size was estimated based on manual measurement done in the 
field. Then, simulations were carried out to see how moving speed and payload size may affect 
the productive performance as a function of extraction distance. Significant differences (a=0.05) 
in speed and payload size led to substantial variations in performance as the extraction distance 
increased. For instance, the number of daily work cycles were similar for both machines in a 
distance range of up to 100 m; daily production (m3), productivity (m3/h), and efficiency (h/m3), 
on the other hand, have shown important differences, with the higher size class T1 being more 
performant. Payload size and moving speed had a strong effect on efficiency, tripling the unit 
time for T2 at a distance of 1000 m. These findings have important consequences, at least for the 
local practice in South East Asia. Since these machines are frequently used interchangeably, the 
average extraction distance should be limited to 50 m, a scenario in which the differences in 
performance are the lowest. T1 maintains higher daily production and a greater number of work 
cycles at longer distances, highlighting the importance of choosing the appropriate tractor size 
for varying extraction distances in short-rotation eucalyptus forestry. Furthermore, the extrac-
tion distance should also be planned based on the performance of upstream and downstream 
processes, since the local practice makes use of motor-manual tree felling and cross-cutting, 
manual delimbing and bunching, and medium capacity trucks.

Keywords: plantation forestry, operational planning, performance, models, simulation, time 
consumption

1. Introduction
The plantation forests account for approximately 

131 M ha of the global forest area (FAO 2020). The 
Eucalyptus plantations area covers about 25 M ha, 
with Thailand contributing around 1.8 M ha, which 
means that roughly 7% of the world's Eucalyptus 

plantations are located in Thailand (Martins et al. 2022, 
Haruthaithanasan 2016). The annual harvesting vol-
ume of Eucalyptus is approximately 16 M tonnes, 
while the local pulp and chips industry exports 
accounted for nearly one-third of this total in 2023 
(Premashthira 2024). Due to Eucalyptus properties, 
fast growth, and short rotation time, Thailand is an 
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important producer of pulp and paper in Southeast 
Asia (Woods et al. 2011). Very short-rotation Eucalyptus 
planted forests result in small-sized logs, as harvesting 
typically occurs when the trees are between five and 
eight years old in Southeast Asia (FAO 2009, Sein and 
Mitlöhner 2011, Nguyen and Youn 2012).

Manpower and animal assisted extraction remain 
common practices in Thailand, despite being labour-
intensive, time consuming, and providing relatively 
low productivities (Manavakun 2014, Kaakkurivaara 
and Kaakkurivaara 2018). Recently, Thai forestry has 
implemented a wide range of machines for harvesting 
and transportation operations, with partly mecha-
nized harvesting techniques gradually replacing the 
most labour-intensive methods. Three categories for 
forest mechanization were proposed by Harstela 
(1993): basic technology (e.g., chainsaws), intermedi-
ate technology (e.g., farm tractors), and advanced tech-
nology (e.g., forwarders). Selecting the most appropri-
ate technology for timber harvesting depends on 
multiple criteria, such as productivity, costs, charac-
teristics of the company, ecological conditions, and 
both environmental and socio-economic impacts. The 
harvesting systems vary depending on operating 
environments, whereas the most appropriate tech-
niques are characterized by several factors: harvesting 
method, gross domestic production, social security 
rate, diesel price, and terrain steepness (Lundbäck et 
al. 2021). These factors have led to the widespread use 
of modified farm tractors for extraction in Thailand, 
as they offer a reasonable purchase price, accessible 
financing options, and a low-cost maintenance. Similar 
machine options are popular around the world and 
productivity studies have been conducted in various 
scenarios, where a trailer, a winch, or a skidding 
device is paired with a farm tractor (Spinelli et al. 2004, 
Öztürk et al. 2019, Brown et al. 2022). The technical 
modifications of farm tractors and design of their 
accessories are often tailored to local circumstances to 
meet the specific requirements for handling and 
maneuvering during timber extraction operations 
(Cataldo et al. 2018, Borz and Mititelu 2022, Dudek 
and Janas 2022, Kulak et al. 2023). In Thailand, two 
farm tractor based extraction methods are used under 
different conditions. For long logs, such as Teak and 
other valuable tree species, a skidding device is 
mounted on the rear hitch, while bucking is performed 
at a designated processing site (Borz et al. 2022). The 
other method involves a farm tractor equipped with a 
backhoe grapple, which lifts the logs off the ground 
and extracts them by carrying. This extraction method 
has two different technical implementations, both 
designed for extracting short logs e.g. Rubber tree and 

Eucalyptus. The short log length is the result of manual 
delimbing and stacking of logs after motor-manual 
felling, and it is typically a consequence of partly 
mechanized methods used to load the trucks, and 
length limitations of debarking machines at mill yards. 
The review study by Di Fulvio et al. (2024) on harvest-
ing and extraction productivities and costs, did not 
identify any similar techniques used on industrial 
plantations in other parts of the world.

In general, the productivity of farm tractor-based 
extraction is primarily affected by payload size, hauling 
distance and slope gradient (Sessions 2007, Gilanipoor 
et al. 2012, Gülci et al. 2018, Brown et al. 2022). Due to 
generally larger tree sizes in plantation forestry, only 
a few studies have been published that correspond to 
similar circumstances in Thailand. Furthermore, pro-
ductivity studies of extracting small-sized logs in short 
rotation plantations have been carried out using other 
types of farm tractor based extraction methods. The 
estimated productivities for coppice plantations (e.g. 
for poplar) were observed at 20.7 SMH-1 on tractor- 
-based grapple skidding with a mean payload of one 
tonne, and a distance of 112 m; for Eucalyptus, pro-
ductivity was estimated at 13.6 PMH-1 fresh tonnes 
and 9.5 SMH-1 fresh tonnes / for a tractor-trailer system 
used for forwarding with a payload of 7.3 tonnes and 
a distance of 174 m (Spinelli et al 2004, Spinelli et al. 
2020). Productivity studies on short log extraction 
using the backhoe grapple method described above 
have not been conducted. Given this, it is important to 
study the productivity and efficiency of farm tractors 
equipped with a backhoe grapple for timber harvest-
ing. Although this extraction method is commonly 
used in Thailand, Myanmar and Cambodia, it has 
potential for applicability in other geographical areas 
as well. The backhoe grapple method could be a 
valuable alternative for timber or woody biomass 
extraction in regions with similar conditions, such as 
eucalyptus, poplar, and willow plantations.

In this study, a simulation approach was chosen. 
The use of simulation studies in forest operations has 
gained popularity and acceptance for addressing 
questions related to productivity, efficiency, and fuel 
consumption (e.g., Kaakkurivaara et al. 2022, Borz et 
al. 2023, Forkuo et al. 2024). Simulation provides 
several advantages, one of which is that of predicting 
the impact of extraction distance on productivity, 
whereas the regression model based studies are often 
limited to covering results only up to maximum 
observed distance (Sabo and Poršinsky 2005, Behjou 
et al. 2008, Ghaffariyan et al. 2013, Jourgholami 2014). 
Therefore, simulation can help in understanding the 
system’s behavior under varying operating conditions 
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surements done in the field, combined with estimation 
of production. The objectives of the study were to:

⇒ �identify the cycle-wise events for both tractors 
and their event-level speeds and shares, esti-
mate mean volume and characteristics of the 
payloads

⇒ �and identify the impact of extraction distance 
and payload on time consumption of extraction.

2. Materials and Methods

2.1 Location and of Study Site
Data collection was carried out in the Chachoengsao 

province, Eastern Thailand in July 2023 (Fig. 1), in an 
Eucalyptus plantation located at approximately 
13°40'08.1"N 101°35'59.7"E at an elevation of 36 m 
above sea level (Thailand topographic map 2024). The 
climate is subtropical in this region and data was col-
lected during the dry season. The plantation was ap-
proximately five years old and it was coppiced with 
one to four stems per stump. The original planting 
density was approximately 1660 trees ha-1, which means 
that distances between stumps were two meters in a 
row and three meters between the rows in the logging 
area. This spacing between rows and trees is com-
monly used in Thailand. Due to coppice plantation 

by utilizing simple mathematical models and statistical 
analysis. Difference between the definitions of a model 
and simulation are described by Banks (2009) so that 
simulation is a method used to observe the system’s 
behavior, helping in better understanding the system’s 
functions when changes occur within its operation 
boundaries.

The analysis of timber extraction using the backhoe 
grapple method in short rotation Eucalyptus planta-
tions is an example that can be studied by simulation 
to reveal its potential. In additon to documenting the 
performance of this method, the management of the 
timber supply chain in Thailand could benefit from 
the results that provide reliable information, helping 
to develop and optimize the efficiency of the timber 
supply chain. Timber extraction method has a sub-
stantial influence on costs of the supply chain, as the 
share of costs for extraction are estimated to be about 
one third of the total cost of harvesting (Metsäteho 
2006, Manavakun 2014) Therefore, the productivity of 
the extraction method is an important factor in deter-
mining the overall costs of timber harvesting.

The aim of this study was to estimate and simulate 
the productivity in small-sized log extraction opera-
tions by two types of backhoe grapples mounted on 
farm tractors. The study was based on work cycle mea-

Fig. 1 Location of the study site in Thailand
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management, operators avoided to damage stumps, 
to ensure vitality of stumps for the next rotation. The 
study area was located on a flat terrain with a sandy 
soil. The average tree size was of up to 0.02 m3/tree, 
wich means an estimated volume extracted per hectare 
of about 33 m3. The trees were harvested for the pulp 
industry, and the stems were crosscut into length of 
between two to three meters.

2.2 Description of Machines and Work 
Organization 

The study involved two farm tractors equipped 
with extraction devices, which had a different technical 
design and working techniques. The technical specifi-
cations of the tractors are presented in Table 1. In this 
study, these machines were named as T1 and T2 (Fig. 
2). T1 was a medium size tractor, where driving direc-
tion had been changed to opposite. The main modifica-
tions were those of changing the transmission and 
vehicle controls to work in the opposite direction, to 
mount a hydraulic lifting device with a fixed grapple 
to work from back to front, and to add a counterweight 
for improved balance. The maximum opening of the 
grapple was 115 cm. T2 was a small size tractor, on 
which the rear hitch was used to mount a grapple that 
operates vertically. The grapple opening and closing 
function was hydraulically powered on the upper jaw, 

while the lower jaw was fixed, straight, and mounted 
horizontally. The opening dimension was 55 cm and 
jaw depth was 67 cm. The driving direction for T2 re-
mained unchanged, but the loading operation had to 
be performed in reverse, whereas the T1 drove forward 
during loading work due to its modifications. Fig. 2 
shows some examples of the machines under study.

Table 1 Technical information of tractors used in study

Parameter T1 T2

Make and model Ford 6610 Kubota L5018
Number of cylinders 4 4
Displacement, L 4.4 2.4
Net power, kW 58.6 34.6
PTO power, kW 53.7 28.7
Pump flow capacity, L/min 36.8 29.4
Max torque, Nm 297 155
Operating weight, kg 3084 1490
Number of gears 8–2 8–2

For both, T1 and T2, the work was organized in a 
similar manner, as observed in the field. Each machine 
was operated by a single worker, and both operators 
had extensive experience in similar operations. The 
typical work cycle included the empty turn, covering 
the distance from the landing to the place at which the 

Fig. 2 Backhoe grapple tractors under study
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logs were loaded, loading the logs from the first bunch, 
followed by movement to the next bunch and loading, 
and continuing this process until a full payload was 
formed for extraction. Once loaded, the tractor re-
turned to the landing and unloaded the logs onto the 
ground. In addition, maneuvers were taken to position 
the machine at the unloading place. The workers in-
volved in the research were fully informed about the 
purpose, procedures, and intended outcomes of the 
study. Prior to their involvement, each participant pro-
vided informed consent, acknowledging their under-
standing and agreement to participate. The study pro-
tocol was designed to ensure transparency, voluntary 
participation, and respect for the rights and well-being 
of the workers.

2.3 Data Collection, Processing and Analysis
The data required by this study was collected 

through visual observation, GNSS data recording, 
video recording, and manual measurements. The pur-
pose of visually observing the operations was to un-
derstand how the work was organized for the two 
machines under study, as well as to identify any sig-
nificant differences in how the tasks were performed. 
Representative data was also captured through video 
recording and later analyzed in the office to character-
ize the organization of work. Handheld GNSS receiv-
ers (Garmin, GPSmap 62 stc, Garmin International 
Inc., Olathe, KS, USA) were placed on the cabs of the 
two tractors and set to record locations at a rate of one 
second. The instruments were installed on the ma-
chines at the beginning of work and removed at the 
end of operations. Visual observations in the field 
done by two researchers revealed a low variability in 
payload size for each tractor. To estimate the produc-
ton, the workers were asked to place aside five pay-
loads for each machine. These payloads were random-
ly chosen and subjected to detailed manual 
measurements of the length and end diameters of each 
log, providing the necessary data data for simulating 
daily production, productivity and efficiency.

During the field observations, over 25,000 and 
21,000 second-level GNSS locations were recorded for 
T1 and T2, respectively. These were saved on the in-
ternal memory of the used GNSS units, then they were 
retrieved as .GPX files and stored in a PC for further 
analysis. A visual analysis was carried out in Garmin 
Base-Camp software (Garmin International inc., 
Olathe, KS, USA). This was done synchronously with 
a database created in Microsoft Excel version 2013 
(Microsoft, Redmont, WA, USA), where the GNSS data 
was imported from the Garmin Basecamp software 
and merged in chronological order. By visualizing 

interactively the geometry, speed, and heading of the 
machines in Garmin Basecamp canvas, it was possible 
to identify events such as moving empty, moving partly 
loaded, loading, moving fully loaded, maneuvering 
and other events, including delays. For simplicity, all 
movements of the machine, whether empty or fully 
loaded, were coded as »Moving« in the database. 
Movement between small bunches of logs, loading by 
accumulation, and other events related to other load-
ing related activities were categorized and coded as 
»Collecting« in the database. All the locations that 
could be identified as maneuvers in the forest or at the 
landing were classified as »Maneuvers«. The remain-
ing data, including potential delays or data that could 
not be clearly distinguished as an event from those 
mentioned above, was coded as »Other«. Starting and 
ending points of each event were documented in 
Garmin Basecamp by visualization, then the corre-
sponding codes were given to these events in the 
Microsoft Excel database.

Using this coding system, GNSS speed was ex-
tracted for each event in Microsoft Excel and assumed 
to represent the operational speed for the specific loca-
tions associated with that event. Then, a statistical 
analysis workflow was run to check whether the speed 
data was normally distributed by the means of 
D’Agostino-Pearson test. In addition, the cycle-wise 
events were identified for both machines in the data 
sets and their durations were extracted to compute the 
mean duration for each machine. The mean volume of 
the payload for each tractor was estimated based on 
measuring every log length and diameters at both log 
ends (Smalian's formula) for all the payloads retained 
for analysis. Descriptive statistics of event-level 
speeds, share of the events in the two datasets, and the 
characteristics of the payloads, were reported as a first 
result of the study, supporting the simulations on the 
average cycle time, number of work cycles covered in 
a day, daily production, productivity, and efficiency.

Following the data normality checks, which was 
done by a Shapiro-Wilk test, both the payload size and 
event speed were compared using statistical compari-
son tests deemed appropriate for the type of data and 
its distribution. Since payload size data was found to 
follow a normal distribution, and the samples taken 
for the two tractors were paired, a paired t test for in-
dependent samples was used for comparison to check 
whether there were statistically significant differences. 
For the event speed data, since the assumtion of nor-
mal distribution was not checked, and the samples 
were not paired, a Mann-Whitney non-parametric test 
was used for comparison. All the tests performed as-
sumed a confidence threshold of 95% (α=0.05).
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2.4 Simulation of Operational Performance
The primary assumption for simulation was that 

the extraction distance would be the main factor af-
fecting the performance, given that the forests studied 
were situated on flat terrain. In addition, the simula-
tion was not run as a typical work-cycle based study, 
but instead considered the average conditions that 
could characterize a given forest plot, while using 
some cycle-level data. Therefore, a given plot can be 
characterized in terms of operational performance by 
its mean conditions in terms of extraction distance. 
This is frequently used in forest operations planning 
and it practically assumes that the wood to be extract-
ed is concentrated in a point standing for the centroid 
of that plot. As the main factor of simulation, extrac-
tion distance was considered to be between 50 and 
1000 m, with a step of 50 m, a work day was consid-
ered to last for eight hours. A legal break of 1 hour in 
that time was assumed to be taken by the workers 
during the working day, which led us to use seven 
hours in simulations. Simulations on average cycle 
time, number of cycles, daily production, productivi-
ty, and efficiency, were done in Microsoft Excel by 
implementing Eq. 1 to 6.

tcycle i = tin-out i + tcollecting i + tmaneuvering i + tunloading i	 (1)

Where:
tcycle i 	� average cycle time for a given condition 

in terms of extraction distance, i stands 
for the tractor under study (i=T1 or T2)

tin-out i 	� average in-out time, accounting for the 
time spent to drive the machine from the 
landing to the first loading place and 
from the last loading place to the landing

tcollecting i 	� average time spent in the »Collecting« 
event, computed based on the cycle-wise 
data

tmaneuvering i �	average time spent in maneuvers to re-
turn the machine, computed based on the 
average speed data of »Maneuvering« 
event and the typical maneuvering dis-
tance observed in the field, which was set 
at 10 m

tunloading i 	� average time for unloading, which was 
set at 1 minute irrespective of the ma-
chine.

tin-out i = 2× (EDj × 1 1/Smi )	 (2)

Where:
EDj  �	average extraction distance, where j stands for 

the extraction distance step (j = 50 to 1000 m 
with a step of 50 m)

Sm  �	stands for the average speed of »Moving« 
event.

n cycles = 7/tcycle i		  (3)
Where:
ncycles	 number of work cycles.
Pdaily i= NCi × APLi		  (4)
Where:
Pdaily i	 production, tons/day
APLi	 avarage payload.
Phourly i = Qi/7		  (5)
Where:
Phourly i	 productivity, tons/hour.
Ei = 7/Qi		  (6)
Where:
E	 Efficiency, hours/ton.
For convenience, time was computed in hours ir-

respective of category, daily production was comput-
ed in cubic meters, productivity in cubic meter per 
hour and efficiency in hours per cubic meter, all based 
on productive machine hours (PMH0). Some of these 
concepts were adapted from the work of Björheden et 
al. (1995). Data extraction, database creation and data 
processing were supported by Garmin BaseCamp and 
Microsoft Excel. Statistical analysis was carried out by 
the use of Real Statistics add-in, and visual compo-
nents of the results were developed in Microsoft Excel. 
In comparisons, in this study we used conversion fac-
tors from cubic meters in fresh weight (Kaakkurivaara 
et al. 2024).

3. Results

3.1 Description of Data
The GNSS-speed datasets used for statistical anal-

ysis contained a number of 25,647 and 21,848 observa-
tions taken at one second for T1 and T2, respectively. 
The most dominant event, in terms of relative frequen-
cy, was »Other«, which accounted for 55 and 64% in 
T1 and T2 datasets, respectively. There were no impor-
tant differences in the overall relative time consump-
tion between T1 and T2 for the event »Moving«. The 
main differences were observed in the relative 
frequency of »Collecting« and »Maneuvering« events. 
»Collecting« accounted for 17 and 10%, while 
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»Maneuvering« accounted for 7 and 4% in T1 and T2 
datasets, respectively.

Table 2 summarizes the main descriptive statistics 
of the observed GNSS speed. None of the variables 
under study passed the normality test. Accordingly, 
the mean, median and standard deviation values are 
reported in Table 2 for comparison purposes. As 
shown, T1 was characterized by higher operational 
speeds, irrespective of the event under study. Machine 
moving recorded an average value of 5.4 km/h for T1, 
which was slightly higher than that of T2 (3.9 km/h). 
In addition, log collection, which included sub-events 
of moving and loading, was performed at a higher 
speed by T1 as opposed to T2, while maneuvering was 
done by both tractors at similar speed.

Based on the standard variation values, the highest 
speed variability was found in the »Other« and 
»Collecting« events, which may be explained by the 
fact that, for instance, »Other« contained full stops 
with a speed of 0 km/h, as well as driving at high 
speed outside the felling block to carry out tasks that 
were out of the study scope. »Collecting«, on the other 
hand, included low-speed movements and even full 
stops combined with movement at higher speeds 
between the bunches of logs, supporting the increased 
variability in speed as reported in Table 1.

Moving and maneuvering speeds, as reported in 
Table 2, were used for simulation of the average cycle 
time, number of work cycles, daily production, pro-
ductivity and efficiency. For the »Collecting« event, the 
cycle level data was used to estimate the mean dura-
tion. Accordingly, it was of 139 seconds (0.039 hours) 
and 116 seconds (0.032 hours) for T1 and T2, respec-
tively, reflecting also a lower time needed to form a 
payload for T2, which was consistent with the payload 
size of T2. Based on field observations, and having in 
mind that a suitable detection and extraction of 
machine unloading events was not possible from the 
GNSS data, unloading was assumed to take one 
minute (0.017 hours) irrespective of the machine used. 
This fixed value was further used in simulation.

Table 2 Summary statistics of event-based GNSS speed of T1 
and T2

Event Speed of T1, km/h Speed of T2, km/h

Moving 5.4 (5.0) ± 1.23 3.9 (3.8) ± 1.18

Collecting 1.6 (1.0) ± 1.59 0.9 (0.6) ± 0.97

Maneuvering 2.6 (2.9) ± 1.38 2.1 (1.9) ± 1.02

Other 0.9 (0.2) ± 1.31 0.4 (0.1) ± 1.25
1 None of the variables came from a normal distribution, and the event speed data was 
found to be statistically different between the two tractors by the Mann-Whitney test

Measuring the cycle-wise payload of each machine 
was impractical given the characteristics of the pay-
loads, which were composed of many low-sized logs, 
as reported in Table 3. Additionally, a full measure-
ment of the production would have caused important 
interferences with the way of organizing the work.

Table 3 Number and share of observations on subjects, tasks, 
and job

Parameter T1 T2

Total number of measured logs 469 217

Mean number of logs per payload 94 43

Average length of measured logs, m 2.6 ± 0.55 2.8 ± 0.47

Average diameter of measured logs, cm 5.3 ± 2.33 5.6 ± 2.46

Mean volume of payload, m3 0.575 ± 0.09 0.310 ± 0.05
1 None of the variables used to estimate the payload volume came from a normal distribu-
tion. Payload volume was found to follow a normal distribution based on the results of 
Shapiro-Wilk test, and the mean values were statistically different according to the results 
of the t-test

There was a low variability in payload size as ob-
served in the field and reported in Table 3, which sum-
marizes the descriptive statistics for a number of five 
payloads randomly chosen and measured in detail for 
each machine. As shown, the payload size of T2 in 
terms of number of logs was almost half that of T1, 
which was also the case of payload size measured as 
volume (Table 3). This occurs when log lengths (2.6 vs. 
2.8 m) and log diameters (5.3 vs. 5.6 cm) in the pay-
loads of both machines are comparable, with a low 
variability at least in terms of length (Table 2). The 
mean volumes of the payloads, as reported in Table 3 
for T1 and T2, respectively, were used further in simu-
lation to estimate the daily production, productivity 
and efficiency as a function of the extraction distance.

3.2 Results of Simulation
Simulations aimed to characterize the average cycle 

time, number of daily work cycles, daily production, 
productivity and efficiency for both machines. Fig. 3–5 
summarize the simulation results for average extrac-
tion distances between 50 and 1000 m. It should be 
noted that the average extraction distance (ED) based 
on the field observed data was about 125 m, ranging 
from a couple of meters to about 250 m. Fig. 3 illustrates 
the effect of average extraction distance on the elemen-
tal time consumption categories, as well as on the aver-
age work cycle time. The emphasis here is on the varia-
tion of moving time (Tio), which is strongly related to 
extraction distance, and which depends on the machine 
speed in such events. It increased linearly as a function 
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of average extraction distance, but to a less magnitude 
for T1 due to a higher moving speed. For the average 
conditions as observed in the study (ED=125 m), it ac-
counted for about 0.050 and 0.055 hours for T1 and T2, 
respectively. It included the two-way (in and out) driv-
ing, and it had the strongest effect on the average work 
cycle time (ACT). Therefore, the moving speed of the 
machine, which may depend on its capability as well 
as the capabilities of the driver and work behavior, may 
significantly affect the cycle time.

These findings have implications on the theoretical 
number of daily work cycles, as well as on the produc-
tion, emphasizing both, the effect of moving speed 
and extraction distance on the simulated daily perfor-
mance. Fig. 4 shows a comparison in terms of simu-
lated work cycles and daily production for the two 
machines under study, by considering a working time 
of the shift of seven hours, as well as the mean size of 
the payloads. As shown, for short extraction distances, 
say 50 m, the effects in terms of number of work cycles 
is even. In other words, the moving speed and payload 
size do not cause important differences in terms of 
number of work cycles. These stay close in magnitude 
up to an average extraction distance of about 100 m, a 
point from which T1 increasingly outperforms T2 due 
to a higher moving speed. The highest differences ap-
pear at about the half of the extraction distance range 
selected for simulation (i.e., about 500 m) and then the 
differences start to decrease. In terms of daily produc-
tion (Fig. 4b), the findings are quite different because 

the payload size brings an additional important effect. 
As shown, the daily production of T2 is almost half 
that of T1 for an extraction distance of 50 m. Even at a 
distance of 1000 m, there is a difference of about 5 m3 
in the daily production of the two machines. Based on 
these findings, significant differences between the two 
machines are evident, primarily due to payload size, 
regardless of the extraction distance. To balance or in-
crease production, the extraction distance should be 
shortened. In practice, operators often move trucks as 
close as possible to the operation site to reduce the 
extraction distance (Manavakun 2014). 

Last, but not least, Fig. 5 compares the two ma-
chines in terms of productivity and efficiency, provid-
ing figures that can be readily compared to those re-
ported by other studies. The observed trends are 
consistent with those shown in Fig. 5, highlighting 
significant differences between T1 and T2. On the 
other hand, both productivity and efficiency were 
highly affected by the moving speed, payload size and 
extraction distance. For an extraction distance of 1000 m, 
which could be unrealistic for Thailand’s practice, 
productivity drops to 0.17 and 0.22 of that which can 
be susbtained at a distance of 100 m. In addition, at a 
distance of around 100 m, T1 doubles the productivity 
that can be sustained by T2, a trend that has a higher 
magnitude as the extraction distance increases.

The differences in payload size and moving speed 
are more clearly reflected in the efficiency figures, as 
shown in Fig. 5b. While there are minimal differences 

Fig. 3 Description of simulated time (PMH0) categories for: (a) T1 and (b) T2: average cycle time (tcycle i), average in-out time (tin-out i), average 
maneuvering time (tmaneuvering i), average collecting time (tcollecting i), and average unloading time (tunloading i)
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at distances up to 100 m, efficiency sharply declines 
for T2 as unit time becomes increasingly higher rela-
tive to the extraction distance. This drop in efficiency 
can be explained by the important differences found 
in the moving speed and payload size, and at a dis-
tance of 1000 the unit time is tripled for T2.

4. Discussion
The studied eucalyptus harvesting method differs 

from many other typical eucalyptus cultivation re-
gions due to tree size, with the exception of Southeast 
Asia and China, where similar silvicultural manage-
ment and short-rotation periods are common due to 

Fig. 4 Number of simulated work cycles and daily production for T1 and T2: (a) A comparison between T1 and T2 in terms of simulated work 
cycles, (b) A comparison between T1 and T2 in terms of daily production (m3) (PMH0)

Fig. 5 Simulated productivity and efficiency of T1 and T2: (a) A comparison between T1 and T2 in terms of simulated productivity (m3/h), (b) 
A comparison between T1 and T2 in terms of efficiency (h/m3)
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high demand of raw material and significant capital 
commitment (Nguyen and Youn 2012, Engler et al. 
2016, Hardiyanto et al. 2024). Techno-economic limita-
tions in harvesting, transportation, and processing at 
pulp mills have resulted in shorter log lengths. In 
these circumstances, the studied extraction method 
has gained popularity as the initial step towards 
mechanizing harvesting operations, transitioning from 
a fully manual process where small logs are loaded 
directly from the ground onto a truck (Manavakun 
2014, Nájera-Luna et al. 2023). Farm tractors equipped 
with backhoe grapples were studied in the logging 
area that represents typical eucalyptus plantation 
conditions in Thailand, in the terms of terrain, tree 
size, and the technical setup and use of extraction 
devices. The field study supported the simulation 
results and the use of models for future investigations 
to computing costs, planning harvesting operations, 
and facilitating in decision making.

The productivity studies in small-sized tree planta-
tions have consistently highlighted the low extraction 
productivity compared to the logging operations in 
larger tree plantations (Ackerman et al. 2021). Despite 
technical solutions and effective working methods, 
this gap has not been fully bridged. However, explor-
ing regionally common extraction methods can inspire 
new ideas and developments that can be adapted to 
similar harvesting conditions elsewhere. Our study 
provided initial insights into recorded productivity 
rates and simulation results across a wide range of 
extraction distances. The collected data revealed that 
the number of logs per payload and the payload vol-
ume were approximately double with T1 compared to 
T2, even though the average log length and diameter 
were slightly larger in T2 payloads. This difference 
highlighted the superior capacity of T1 grapple size. 
Furthermore, the recorded event speeds of T1 under-
lined the mobility of tractor type. Extraction distances 
affected the productivity of both machines especially 
the slower one - T2. Compared to other farm tractor-
based extraction methods, such as the farm tractors 
with sulky or forest trailers (Spinelli and Magagnotti 
2012, Forkuo et al. 2024), the moving speed was lower.

Simulation results showed competitiveness of T1 
against T2 in terms of productivity and efficiency 
(PMH0). In Fig. 5a, T1 and T2 achieved 5.9 and 2.9 m3 h-1 
within 100 m distance, and 4.3 and 2.0 m3 h-1 within 
200 m distance, respectively. Twofold productivity 
level gap between T1 and T2 was a logical consequence 
of payload size and event speeds. Compared to other 
extraction methods in coppice plantations in other 
parts of the world, productivity levels were low. Pro-
ductivities of T1 and T2 at a mean distance of 100 m 

were about one fourth and one seventh, respectively, 
when compared to grapple skidding of full tree pop-
lars at a distance of 112 m (Spinelli et al. 2020). Addi-
tionally, productivites of T1 and T2 for a distance of 
200 m were about one third and one seventh, respec-
tively, when compared to forwarding eucalyptus logs 
by tractor-trailer system at a distance of 174 m (Spinelli 
et al. 2004). The latter study included logs cut to a 
length of two meters with a mean mass of 35 kg. Based 
on average log dimensions in our study, the log size 
was very small, approximately six and seven kilo-
grams for T1 and T2, respectively. Hence, the log sizes 
were only one sixth and one fifth compared to those 
in the study of Spinelli et al. (2004). It can be stated that 
our study revealed a relatively good performance, par-
ticulrarly for T1, when the results were proportioned 
to the log size. Unfortunately, there are no suitable 
studies available to make comparisons for the same 
log volumes. In Fig. 4a, the number of daily work 
cycles were similar for both machines in a distance 
range of up to 100 m, after which the gap was increas-
ing as a consequence of event speeds. Daily produc-
tion data (Fig. 4b) showed about 41.5 and 20.6 m3 for 
T1 and T2, respectively, at an extraction distance of 
100 m. The efficiency results of simulation (Fig. 5b) 
show a lower efficiency for T2, which occurred as the 
extraction distance increased. However, when taking 
into account the local operation environment, it can be 
seen that productivity rates of both machines can be 
considered to be sufficient for the local supply chain. 
Thai timber transportation can be described as a hot 
supply chain where logs are delivered to the refinery 
immediately (during the same day) as the payment is 
based on fresh tonnes. Accordingly, T1 daily produc-
tion can provide a sufficient amount of timber for both 
ten-wheel truck and 3-axle trailer combination, where-
as T2 can fulfill the ten-wheel truck cargo space, these 
being the most common vehicle types for Thai timber 
haulage. Additionally, the truck can reach the border 
of the logging area in common forest road conditions, 
which typically limits the extraction distance to 300 m.

Our study focused on simulating productivity, but 
for a comprehensive viewpoint it is important to dis-
cuss the machine costs and economic issues of both 
machines. When selecting a smaller and less powerful 
farm tractor type as a base machine, investment and 
fuel costs are naturally lower than with a bigger tractor 
in harvesting operations (Spinelli and Magagnotti 
2012). This opens the opportunity to choose T2 when 
extraction distance stays short to achieve a good level 
of productivity, and when the utilization rate of new 
machine cannot be accurately predicted. On the other 
hand, T1 provides clearly higher productivity and 
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efficiency in all distances and an additional extra 
capability of loading the logs into trucks. It is worth 
mentioning that these small-sized eucalyptus trees 
needed to be stacked by hand in the load space after 
being lifted by machine.

Further development of both machines, especially 
T2, should improve the capacity of backhoe grapple to 
increase the payload size since, in terms of powertrain 
and hydraulic system, the tractor itself seems to have 
the capacity to carry heavier payloads. Simulation 
based on collected data showed that the productivity 
of T1 and T2 would be approximately 1 m3 h-1 higher, if 
the payload sizes increased by 0.1 m3 within 100 m ex-
traction distance. To improve the supply chain manage-
ment, longer log lengths should be practiced and the 
rotations should be extended to increase log size, as 
these would have a positive impact on productivity 
rates (Spinelli et al. 2022). They would have a positive 
effect on the supply chain, seeing that timber trucks 
were waiting to get their daily load ready on the har-
vesting site. Particularly in Thai supply chain, timber 
trucks are subordinate to the outcome of harvesting 
operations without sufficient road side storage capacity.

Predictive models of productivity for the studied 
machines need further work to support decision and 
facilitate the management in Thai harvesting opera-
tions. Future studies should investigate productivity 
in upstream and downstream processes of the supply 
chain in Thai eucalyptus plantation forestry to detect 
bottlenecks. Understanding the efficiency of the whole 
supply chain in relation to the causal factors, including 
motor-manual harvesting methods, truck loading and 
transportation in local conditions, would enhance and 
create possibilities for improvement of the whole sup-
ply chain. Limitations of this study consist of the data 
collected from a single harvesting site and machine 
operator for each machine. Uncertainty was tackled by 
choosing the most typical harvesting condition and 
operators’ adequate level of working experience. As 
these simulation results were computed as effective 
machine hours, it needs to be kept in mind that work-
ing on very hot and highly humid weather will lower 
the work efficiency since breaks are often needed. On 
the other hand, one may question the accuracy of 
speed derived from GNSS data, which may be an im-
portant point affecting the results of this study. How-
ever, in the conditions of clear sky and flat lands, 
GNSS data has been proven to be accurate in Thailand 
(Thari et al. 2022), which validates our apporach. In 
such conditions, GNSS speed typically resembles well 
the real operational speed, particluarly when events 
such as sharp acceleration or deceleration do not occur 
(Rahemi and Mosavi 2021), which was the case in our 

study. In addtion, previous studies working with 
older generations of GNSS handheld receivers have 
proven a high level of matching between GNNS and 
ground truth speed (Keskin and Say 2006). Based on 
these, the GNSS speed results of this study offer a fair 
representation of the pace of events observed under 
the conditions of the real working environment.

5. Conclusions
This study measured and simulated the perfor-

mance in use of farm tractors equipped with backhoe 
grapples when operating with small-sized logs in eu-
calyptus plantation conditions. General models to pre-
dict the productivity of two commonly used machines 
were introduced. The results showed a remarkable 
difference between machines. T1 performed better at 
all distances by a higher speed coupled with a higher 
payload size, although T2 may have some advantages 
in certain local Thai conditions. Hourly production 
rates were low when compared directly against other 
studies carried out in coppice plantations, which was 
affected by the very small logs. Furthermore, the sim-
ulation models highlighted the impact of payload size 
and extraction distance on productivity and efficiency. 
The recommended use of T2 should be aimed at short 
distances only, while T1 can be seen suitable for both 
short and long extraction distances. The findings also 
provide novel information for operational planning 
under various extraction distances, supporting better 
decision making in Thai short-rotation forestry.
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