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Abstract

Accurate predictions in forest operations can be used towards effective planning, costing, and
maximizing the productivity of machines in mechanised cut-to-length (CTL) harvesting. There
is a general and substantial gap in forwarder productivity data available for pine sawtimber in
South Africa at present, and as the number of product assortments being harvested increase
there is a need for more work to quantify the effects of extracting products of different dimen-
sions. The aim of this study was to calculate the time consumption and productivity of two
models of Ponsse forwarders (15 t and 20 t capacity) to consider and compare the effects of
multiple variables including machine capabilities, product assortment, load size, extraction
distance, and fuel consumption. Productivity averaged at 34.08 m’ per productive machine hour
excluding delays longer than one minute (PMH,) for the smaller machine, and 55.94 m*/PMH,
for the larger machine. Productivity and average log volume were strongly positively corre-
lated. Regression models were created for each machine where load volume and extraction
distance were both significant factors for predicting productivity. Average fuel consumption of
the smaller machine was 15.55 I/PMH, and 0.47 l/m’, and 20.57 I/PMH, and 0.43 I/m’ for the
larger machine. The product with the largest volume was found to require the least fuel per n’.
The models developed could aid in predicting system productivity and potentially carbon emis-
sions under similar conditions in a South African context of industrial plantation forestry.
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1. Introduction

Fully mechanized cut-to-length (CTL) harvesting
comprises two machines: a harvester that fells and pro-
cesses trees into log assortments, and a forwarder that
extracts and transports the logs to the roadside landing
(McNeel and Rutherford 1994). The high initial invest-
ment and associated operating costs of these machines
require production of as much quality timber in the
shortest times possible to be financially feasible
(Purfiirst 2010). Therefore, accurate predictions for
maximizing the overall productivity of these systems
are paramount for planning, costing, and management
of CTL forest operations (Eriksson and Lindroos 2014).

The most common way of investigating and identifying
the main factors affecting productivity of CTL harvest-
ing is to analyse effective time consumption, from
which realistic models can be developed and employed
towards optimizing operations and efficiency
(Nurminen et al. 2006). Since repetitive work cycles are
observed, time consumption can be divided into sepa-
rate cycle elements (Stankic et al. 2012). By recording
time consumption and the main factors that affect it, it
is possible to establish productivity, which provides a
reference point towards costing and operational plan-
ning (Nurminen et al. 2006). When it comes to mecha-
nized harvesting systems, the productivity of forwarders
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is typically more complex to predict than for harvesters
since there are several additional predictor variables
involved, such as extraction distance and load capaci-
ties (Eriksson and Lindroos 2014). These variables also
influence fuel consumption, which is important to con-
sider for overall costs, emissions, and potential environ-
mental consequences associated with mechanized har-
vesting operations (Nordfjell et al. 2003, Williams and
Ackerman 2016). However, through effective planning
to achieve and maintain the highest productivity levels,
it can be possible to reduce fuel consumptions and
emissions (Cosola et al. 2016).

Forwarder efficiency is intrinsically dependent on
multiple interacting variables affecting time consump-
tion that need to be considered simultaneously for ac-
curate productivity predictions (Stanki¢ et al. 2012,
Eriksson and Lindroos 2014). Many studies have iden-
tified extraction distance as a major factor affecting for-
warder time consumption and productivity, and it is
well known that productivity is negatively correlated
(Nurminen et al. 2006, JirouSek et al. 2007, Ghaffariyan
et al. 2012, Eriksson and Lindroos 2014, Strandgard et
al. 2017, Proto et al. 2018). Another principle variable
that is known to be strongly positively correlated is
load volume or machine payload; therefore, combining
the largest load sizes with the shortest hauling distanc-
es should result in the highest productivity (Jirousek et
al. 2007, Ghaffariyan et al. 2012, Eriksson and Lindroos
2014, Strandgard et al. 2017, Proto et al. 2018). Machine
size and capacities also have large effects on productiv-
ity rates. Although larger machines may be more ex-
pensive considering overall costs and fuel consump-
tion, the capacity to hold larger load volumes should
typically offset the price, since higher rates of produc-
tivity will lower the cost per cubic meter of timber ex-
tracted (Jirousek et al. 2007). The number of product
assortments being harvested is an additional variable
to consider for forwarder productivity since it will af-
fect the densities of timber infield — for example the
smallest product assortments tend to be further spaced
apart, which can affect loading times (Nurminen et al.
2006). The extraction of various product assortments
can therefore affect productivity by requiring more
time to load, which is typically the case for smaller as-
sortments (Nurminen et al. 2006, Strandgard et al.
2017). Since the number of product assortments being
extracted has increased over the years, there is a need
for more research towards quantifying the effects of
different products on forwarder time consumption and
productivity (McNeel and Rutherford 1994, Nurminen
et al. 2006).

There have been many studies to date regarding
predictions of productivity for mechanized harvesting
operations globally, although it is often difficult to com-
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pare and maintain the accuracy of predictive models
between sites when there is limited data (Eriksson and
Lindroos 2014). Today there is still a substantial gap in
basic productivity data available when considering
pine sawtimber in South Africa, as mechanized CTL
systems are still a relatively new technology in the
country (Williams and Ackerman 2016, Ackerman et al.
2017). Preliminary pine sawtimber CTL harvesting re-
search by Williams and Ackerman (2016) contributed
to this productivity database, however the comparabil-
ity of the forwarder data obtained is limited since only
one assortment of sawtimber log and one machine size
were studied. This study will therefore continue to ex-
pand on productivity data and models that can incor-
porate different variables such as machine sizes, differ-
ent products, and load volumes over varying extraction
distances. This study will also estimate fuel consump-
tion rates, which can be compared to other averages
that have been established internationally as well as
what is available under the conditions of South African
pine plantations.

In order to calculate and model productivity, a time
study was conducted to obtain: the division of work
time spent per element and per cycle, the distances
travelled, and the speed of the forwarder while driving
loaded and unloaded. A medium and large forwarder
were used for the study to compare differences be-
tween load sizes and capacities, travel speeds, and fuel
consumption. Since hauling mixed loads requires sort-
ing which increases time consumption (Kellogg and
Bettinger 1994) and hauling single sawlog loads has
been found to have a significantly higher efficiency
over mixed loads (Nurminen et al. 2006), this study will
focus on developing models for single product loads.
Cycle specific time consumption factors per assort-
ments will also be examined to compare productivity
between the products of different sizes.

The main objective of this study is to continue build-
ing the database of average time consumption and pro-
ductivity models from effective work time of forward-
er machines in mechanised CTL operations in South
African pine sawtimber plantations. More specifically,
this study will go further in depth than previous similar
research by aiming to determine individual productiv-
ity of different machine sizes while simultaneously
considering multiple product assortments. From this it
will be possible to quantify and examine the effect of
log sizes on forwarder payload limits and observe
which products should result in the highest productiv-
ity rates per machine as well as demonstrate how ef-
fectively the machine was utilized. Results obtained
will also continue to build upon the currently limited
productivity and fuel consumption database of for-
warders under South African conditions. The applicable
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models developed should aid towards determining the
operable productivity range of forwarders under simi-
lar conditions and stand characteristics as well as im-
prove operational management and costing methods.

2. Materials and Methods

The study took place in a Pinus patula sawtimber
clear-felling compartment in the Jessievale Plantation
of the Mpumalanga Highveld forestry region of South
Africa. The compartment was characterized according
to the National Terrain Classification for Forestry
(Erasmus 1994) as having a consistent low level of
ground roughness, good ground strength, and a level,
negligible slope (max slope <11%) (Table 1). Two ma-
chines were studied: a Ponsse Buffalo forwarder with
a load-bearing capacity of 15 t, and a larger Ponsse
Elephant King forwarder designed for more extreme
conditions and heavier loads with a 20 t carrying ca-
pacity (Table 2). The machines were observed for three
days each from July 19"-July 25", 2018. Weather
throughout the study was consistently cool, dry, and
sunny as expected for winter in the Mpumalanga re-
gion (Louw and Sholes 2002). Variation in operator
performance was assumed as minimal, as they had
similar training and at least two years of experience
and familiarity with the machines in question. The
machines and operators were observed under full op-
erational conditions.

Trees were felled and processed infield by a Ponsse
Beaver harvester which left a harvested 300 m long
corridor, the actual width of the selected stand, for each

Table 1 Compartment characteristics of forwarder work site

Site Attribute

Total area, ha 29.7
Species Pinus patula
Age, years 20.1
Initial planting espacement, m 3.0x3.0
SPH, stems/ha 372
Average DBH, cm 309
Average height, m 259
Average tree volume, m’® 0.901
Slope Level
Ground roughness Even
Ground strength Firm
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Table 2 Machine characteristics of the forwarders studied

Make and model
Characteristic
Ponsse Buffalo | Ponsse Elephant King
Minimum weight, kg 17,200 kg 22,900 kg
Typical weight, kg 18,400 kg 23,700 kg
9610-10,770+700|10,150-11,060+700
Length, mm , .
(glide bunk) (glide bunk)
Width, mm 2895-3085 3070-3210
Ground clearance, mm 680 800
Transportation height, mm 3860 3990
Loader K90+ K100+
Reach, m 7.8/10 7.8/9.5
) MB OM906 LA EU | MB OM306 LA EU
Engine model
Stage IlIA Stage llIA
Engine power, kW 205 205
Tractive force, kN 185 240
Driving speed, km/h 0-20 0-20
Fuel tank volume, | 200 260
Load carrying capacity, t 15 20
Load space cross-sectional
) 45-55 5.8-6.7
area, m
4210-54104-700 | 4540-5450+700
Load space length, mm ) .
(glide bunk) (glide bunk)
Number of wheels 6 8

forwarder to follow and extract timber. Each corridor
was approximately 12 m wide (four tree rows). The
various assortments were stacked separately by the
harvester. Each forwarder was assigned two adjacent
corridors per shift with a total of roughly 280 m’ of logs
available to extract. The work method for each machine
was as follows: the large machine loaded timber from
one side only, while the smaller forwarder loaded from
both sides. The four log assortments harvested
throughout the study were long sawlogs (length =
6.0-6.6 m, average volume = 0.340 m’), short sawlogs
(length = 4.2-4.8 m, average volume = 0.183 m’), Hew-
saw assortments (length = 3.0 m, average volume =
0.078 m’), and ply logs (length =2.55 m, average volume
= 0.190 m’). Each assortment had a 10 cm trimming
allowance over and above the actual log length. The
operators followed normal operational procedures,
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driving in bunk first to a maximum extraction distance
of 300 m (end of prepared corridor), from which they
would begin loading logs as they returned to the road-
side landing. Since all loads throughout the study con-
sisted of only one assortment at a time, no additional
sorting for loading by the forwarder operator was re-
quired. Once the forwarder was loaded, it would drive
to the roadside to unload the logs into separate piles
per assortment. To account for the highly variable driv-
ing distance between piles at the roadside, a standard-
ized point was set and used for each shift as the point
where unloading occurred. After unloading, the op-
erators would continue the process where they left off
for the particular product, which resulted in the vary-
ing extraction distances observed among cycles per
product. Once a specific product was completed, the
operator was instructed to return to the 300 m point to
begin again using the same technique with the next
assortment. In this study, extraction distance was de-
fined as the complete distance travelled unloaded,
from the unloading point to the first stop to load logs.
This definition was chosen to provide an adequate rep-
resentation and to be able to model the exact and vary-
ing extraction distances that occurred according to the
products that were available in field.

Since repetitive work cycles are observed when for-
warders are extracting timber, time consumption was
recorded by cycle and broken down into different cycle
elements (Stankic et al. 2012). Each cycle started from
when the forwarder began driving unloaded from the
landing and ended when the forwarder grapple came
to rest on the bunk after the last grapple load was un-
loaded. Each cycle was split into the following four
cycle elements: driving unloaded, loading (including
driving), driving loaded, and unloading at the landing.
The elemental time study method was used to evaluate
machine productivity as per the standards for the
South African forestry industry (Ackerman et al. 2014)
by use of a handheld MultiDAT recording device
equipped with a global positing system (GPS) receiver.
Time was recorded in decimal-minutes. The GPS was
set to record a point every 2.0 m and any speed change
over 1 km h™. The MultiDAT internal motion sensor
was enabled to record a stop if vibration was less than
threshold for more than one minute, since utilizing the
output of the sensor combined with the GPS data can
enhance more accurate recordings of delays that are
sometimes missed by the GPS alone (Strandgard and
Mitchell 2015). Data obtained from the time study al-
lowed for the division of work time spent per cycle
element as well as per full cycle. The total scheduled
machine hours (SMH) recorded were then converted
to productive machine hours by removing all working
delays longer than one minute from each cycle (PMH,).

Multi-Product Forwarder-Based Timber Extraction: Time Consumption and Productivity ... (231-242)

Independent variables associated with machine
productivity also recorded were product assortment,
number of logs per load and approximate load vol-
umes, speed while driving loaded and unloaded, dis-
tances travelled throughout each cycle, and fuel con-
sumption. Machine productivity was measured
according to the volume of logs (m®) extracted per
PMH,. Fuel consumption was estimated during the
study by recording the difference in diesel (1) con-
sumed between the start and end of each shift from
the machine’s on-board computer. The amount of fuel
consumed per shift was then divided by the length of
the shift in productive machine hours (/PMH,) as well
as by volume of logs extracted (I/m’). Although only
the overall litres consumed per machine were record-
ed, it was possible to use these amounts to calculate
logical rough estimations for the fuel consumed per
product in 1/m’. This was done by dividing the total
litres consumed per machine by the proportion of
PMH, time spent per cycle for each of the assortments,
and then by the total volumes extracted.

3. Results

3.1 Time Consumption

A total of 78 forwarding cycles were recorded re-
sulting in a total of 1986 productive machine minutes,
of which 36 cycles were from the Buffalo machine
(1076 minutes) and 42 cycles were from the Elephant
King machine (910 minutes). The overall breakdown

60

1 Buffalo
1 Elephant King

50

40

30

Average time per cycle, %

20 —

0 i

Driving Loading Driving Unloading
unloaded loaded

Fig. 1 Average division of forwarder cycle times based on manu-
ally recorded time study data
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and proportion of average times spent for each ele-
ment of a cycle is illustrated in Fig. 1.

The overall average time consumption per cycle
was 25.47 minutes (SD = 8.99, range = 6.73-45.63). It
should be noted that cycle times were dependant on
factors such as the distance travelled loaded and un-
loaded, which was highly variable based on the
amount and concentration of products in the field.
Also, not all loads were to full capacity based on the
haulage instructions of the study and what was re-
maining in the field for the specific cycle.

3.2 Productivity Variables

Throughout the study, a total of 6416 logs of different
assortments were extracted resulting in a total volume of
1364.64 m® (Buffalo = 2672 logs, 599.07 m’, Elephant
King = 3744 logs, 765.58 m’). The overall average
extraction distance was 212.7 m (range = 25-316.6).
Average load volume was 17.5 m® (range = 5.91-24.42)
and the average number of logs per load was 82 (range

Table 3 Average cycle times recorded per machine and per product

K. Gagliardi et al.

=19-288). The large ranges for load volume and aver-
age number of logs per load can be attributed to the
average log diameters of the assorted products ex-
tracted, as well as what was available in the field per
cycle as previously mentioned. Basic study data re-
garding the variables recorded specific to each ma-
chine size is presented in Table 4.

3.3 Forwarder Productivity

Mean productivity per machine and per product
was calculated according to Ackerman et al. (2014)
from the recorded productive cycle times and volume
(m’) of logs extracted throughout each cycle. The
Elephant King machine showed a higher mean pro-
ductivity overall (Buffalo = 28.99 m*/PMH,, Elephant
King = 44.77 m’/PMH,) as well as for all four product
assortments compared to the Buffalo machine. The rank-
ing of mean productivity for each product was the same
for both machines, where long sawlog was the highest,
ply was second, followed by short sawlogs, and with

Proportion of Cycle time, min
Machine Product Total cycles total log number

% Average Min. Max. SD

Hewsaw 6 253 25.84 24.15 28.98 1.62

Short SL 18 10.7 31.53 24.78 39.95 5.45

Buffalo Long SL 8 40.23 28.64 1112 37.25 6.17

Ply 4 23.76 35.00 13.65 45.63 9.27

Overall 36 41.65 29.91 1112 45.63 717

Hewsaw 5 33.73 38.77 31.82 44.67 427

Short SL 22 7.26 16.88 14.52 19.17 1.7

Elephant King Long SL 10 36.38 17.31 6.73 23.47 4.1

Ply 5 22.62 25.10 7.90 33.43 7.40

Overall 42 58.35 21.67 6.73 44.67 8.64

Table 4 Overview of variables examined overall and between machines
Buffalo Elephant King Overall
Variable
Min. Average Max. Min. Average Max. Min. Average Max.
Extraction distance, m 31.3 204.9 315 25 219.4 316.6 25 212.7 316.6
Number of logs per load, n 19 74 127 20 89 288 19 82 288
Log volume, m’ 0.076 0.250 0.400 0.075 0.252 0.375 0.075 0.251 0.400
Load volume, m* 6.08 16.64 24.42 591 18.23 24.07 5.91 175 24.42
Croat. j. for. eng. 41(2020)2 235
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Table 5 Productivity data per machine and per product

Productivity, m3/PMH,

Machine | Product | Cycles Standard

Mean Min. Max.
error

Hewsaw| 6 2046 | 1275 | 1447 | 2317
longSL| 18 | 4422 | 39.78 | 32.79 | 60.71
Ply 8 2577 | 1910 | 21.47 | 30.88
ShortSL| 4 2550 | 16.06 | 21.42 | 39.04
Hewsaw| 5 3040 | 21.10 | 2373 | 6843
Flephant | LongSL| 22 | 7348 | 6946 | 5269 | 105.82
King Ply 10 | 4093 | 2585 | 32.78 | 53.47
ShortSL| 5 3429 | 1275 | 26.80 | 38.83

Buffalo

Hewsaw assortments as the lowest (Table 5). The dif-
ference between productivities for ply and short saw-
logs was however quite small for the Buffalo machine.

The same trend of increasing productivity with
increasing log volume (m’) was observed per machine
(Fig. 2). Productivity was strongly correlated with av-
erage log volume per cycle, with Pearson r values of
0.86 and 0.91 observed for the Buffalo and Elephant
King machines, respectively.

The larger Elephant King machine had higher
mean productivities for each of the products extracted.
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Fig. 2 Relationship between average log volume per cycle and
productivity for each machine size
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Fig. 3 Comparison of mean productivities per machine and per
product

When comparing between machines, post hoc com-
parisons found the difference in recorded means for
long sawlogs and ply to be strongly significant (p<0.01),
however the differences for Hewsaw and short saw-
logs were not. The most productive product for each
machine was long sawlogs, and for both machines
there was a significant difference between the mean
long sawlog productivities when compared to the re-
maining three products (Elephant King: p<0.01, Buffalo:
p<0.05).

3.4 Productivity Regression Analysis

Generalized linear modelling (GLM) was firstly
conducted to determine that, individually, extraction
distance and load volume were both significant factors
(p<0.01) when predicting productivity, where load
volume was positively correlated and extraction dis-
tance was negatively correlated. A multiple regression
analysis was then performed to explain the relation-
ship of productivity to machine size, product assort-
ment, extraction distance, and load volume as inde-
pendent variables. Extraction distance and load
volume were both found to have significant impact on
the models overall and for each machine in accordance
with the required assumptions for linear regression
and ANOVA. Model goodness of fit and significance
was therefore assessed using R* RMSE, and ANOVA
values. Combining the overall data of the two sizes of
machines allows for a more robust model (Eq. 1), how-
ever, at the separate machine level, the regression
equations developed accounted for more of the variation
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(Eq. 2-3). Load volume was found to be the strongest
predictor variable for each of the three models; how-
ever, the difference in strength was only slight for the
Elephant King machine. When considering correlation
at the individual product assortment level for each
machine, most of the models became less significant
(p>0.05). This is likely attributed to the smaller sample
sizes and these models were therefore not included in
further analysis.

Overall productivity = 25.39+2.25(LV )+ -0.09(ED) (1)
n =78, adjusted R*=0.43, SE = 15.89, p < 0.01

Buffalo productivity = 18.71+1.65(LV )+ —0.06(ED) (2)
n =36, adjusted R*=0.80, SE = 5.30, p <0.010

Elephant King productivity =
=41.15+2.35(LV )+ —0.13(ED) €)

n =42, adjusted R*=0.50, SE = 15.59, p < 0.01

Where:
LV average load volume, m’
ED average extraction distance, m
Productivity volume extracted per productive machine
hour, m*/PMH,

The linear fit of both modelled independent vari-
ables relative to the predicted output from each of the
regression equations is presented in Fig. 4 and Fig. 5.
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Fig. 4 Line fit plot of observed productivity »vs« predicted productiv-
ity based on load volume
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Fig. 5 Line fit plot of observed productivity »vs« predicted productiv-
ity based on extraction distance

3.5 Travel Speed

The overall average speed recorded was 65.34 m/min
when driving unloaded and 53.32 m/min when driv-
ing loaded (Table 6). An F-test was performed to com-
pare the variances between the average loaded and
unloaded speeds recorded per cycle, followed by a t-
test for comparing the means. When comparing the
overall average speeds, the variances were found to be
unequal and the means differed significantly (p<0.01).
A Levene’s test demonstrated that the requirement of
homogeneity was not met when comparing the loaded
and unloaded speeds separately between machines.
Therefore, a non-parametric Mann-Whitney U test
was run to find that the difference in mean speeds was
significant for the Elephant King machine (p<0.05),
however not for the Buffalo machine.

3.6 Fuel Consumption

Fuel consumption rates were estimated in [/PMH,
and 1/m’. When comparing machines by 1/PMH,, the
Buffalo machine had a notably lower rate (Buffalo =
15.55 I/PMH,, Elephant King = 20.57 1/PMH,); how-
ever, when comparing by 1/m’, the rate of the larger
Elephant King machine was slightly lower (Buffalo =
0.47 1/m’®, Elephant King = 0.43 1/m®). Factors known
to affect fuel consumption including speed, dis-
tance, load volume, and productivity are included
in Table 6.

When comparing fuel consumption rates per m’
amongst products, the smaller Buffalo machine had
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Table 6 Summary of mean values

Multi-Product Forwarder-Based Timber Extraction: Time Consumption and Productivity ... (231-242)

Machine ur?l[c))ggg d Speed Iqaded Cycle.time Eé(igfa c;i;(;n Load volume conszun?lption Productivity conszl:slption
myimin m/min min m m’ i’ m*/PMH, UPMH,
Buffalo 56.05 52.45 2991 102.47 16.64 0.47 34.08 15.55
Elephant King 73.30 54.05 21,67 109.68 18.23 0.43 55.94 20,57
Overall 65.34 53.32 2547 106.35 17.50 0.41 45.85 17.85
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Fig. 6 Comparison of mean fuel consumption |/m® per machine and
per product

higher mean rates for each of the products extracted.
The product that had the lowest fuel consumption rate
per m® for each machine was long sawlogs, and the
highest fuel consumption occurred in the Hewsaw
cycles (Fig. 6).

4, Discussion

4.1 Time Consumption

The greatest proportion of average time per cycle
was spent in the loading phase (53%), which is simi-
lar although slightly higher compared to the findings
of multiple studies (McNeel and Rutherford 1994,
Ghaffariyan et al. 2012, Williams and Ackerman 2016,
Strandgard et al. 2017, Proto et al. 2018). Since no prod-
uct separation was required while loading in this study,
itis likely to have shortened the loading and unloading
times, however since only one product was extracted
per cycle, more time could have been required based

on the concentration of logs in the field. Exact log con-
centrations in the field were not measured throughout
the study; however, the proportions of each product
assortment extracted per machine were calculated to
give a better idea of what was available for each prod-
uct (Table 3). The second most time consuming cycle
element was unloading (27%), which is also consistent
with numerous studies (McNeel and Rutherford 1994,
Ghaffariyan et al. 2012, Williams and Ackerman 2016).
For the remaining cycle elements, driving unloaded
was the third most time consuming (13%) and driving
loaded was the least (7%). Since driving unloaded is
typically at a faster speed than driving loaded it may
appear to be contradicting that a greater proportion of
time was spent driving unloaded; however, in order to
maximize productivity, it is most efficient for the ma-
chine to drive the longest distances while unloaded to
effectively utilize the difference in speed. The higher
proportion of time spent driving unloaded can there-
fore likely be explained by farther travel distances
throughout this phase as it coincided with the haulage
instructions of the study for optimal productivity.

The mean time consumption per cycle in produc-
tive minutes was calculated to be 25.47 minutes overall,
29.91 minutes for the Buffalo, and 21.67 minutes for the
Elephant King. The overall value is very similar to what
was found by Strandgard et al. 2017 (25.4 minutes,
SD = 1.2, range = 18.56-38.91) in a study examining a
forwarder with an 18 ton nominal load capacity, which
also extracted a variety of product assortments. At the
individual machine level, the smaller Buffalo machine
mean cycle time was higher, which is to be expected
with machines of smaller sizes and capacities. This was
also observed by Proto et al. 2018, where the small for-
warder (12 ton capacity) mean cycle time was 33.2
minutes and the two larger forwarders (19 ton capa-
city) in the study averaged at 23.5 minutes per cycle.

It is well known that there are multiple interacting
variables that affect the time consumption of forward-
ers such as driving speeds, extraction distance, volume
of timber per load, number of products being extract-
ed, and concentration/spacing of products in the field.
Extraction distance is known to be especially related
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to cycle time and productivity and has been found to
be a statistically significant variable in many studies
(Jirousek et al. 2007, Ghaffariyan et al. 2012, Strandgard
et al. 2017, Proto et al. 2018). The average extraction
distance of this study was 212.7 m overall (range =
25-316.6), 204.9 m for the Buffalo machine and 219.4 m
for the Elephant King machine. These values are
slightly lower than those reported by Strandgard et al.
2017 (428 m, range = 205-602); however, extraction
distances are highly site-specific and they also varied
considerably throughout this study based on availability
of products in the field.

The concentration and spacing of products in the
field is therefore another component to consider for
predicting time consumption. When comparing cycle
times of this study at the product level, much more
variation occurred (Table 3). Previous studies involv-
ing multiple product assortments have found that the
time consumption required for loading relied strong-
ly on distance, which is related to log concentration in
the field and the assortment being loaded (Nurminen
et al. 2006, Strandgard et al. 2017). It has also been
found that the loading of smaller products tends to
require significantly more time due to their more un-
even shape and likeliness of more scattered piles
(Nurminen et al. 2006). The results of this study, how-
ever, show opposing trends between machines where
on average Hewsaw, the product with the smallest
volume, took the longest per cycle for the Elephant
King machine but the shortest amount of time for the
Buffalo machine. The second smallest product, ply, took
the longest for the Buffalo and second longest for the
Elephant King. The cause of these discrepancies is
likely due to the differences in ways the operators
loaded each machine as well as the spacing of the
products in the field. It has been found that loading is
most productive when the product is in larger and
closer piles since it allows for the operator to load full
grapples of timber more easily, which optimizes the
machine’s capabilities (Nurminen et al. 2006). Al-
though the time consumption required for driving
empty and driving loaded is also dependant on vol-
ume and products per load, it is additionally strongly
related to driving speed, extraction distance, and ter-
rain conditions, although for this study terrain was
consistent between machines (Nurminen et al. 2006,
Strandgard et al. 2017). With regards to unloading, the
factors known to affect time consumption most strong-
ly are the number and size of assortments being un-
loaded (Nurminen et al. 2006).

4.2 Productivity Variables

Table 4 shows the means and ranges of the recorded
variables, where overall average extraction distance
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was 212.7 m (range = 25-316.6), average load volume
was 17.5 m’ (range = 5.91-24.42) and average number
of logs per load was 82 (range = 19-288). The overall
average load volume recorded is very close to that of
Strandgard et al. 2017 (17.9 m’, range = 11.4-23.0 m’) for
a forwarder with around the same average bunk capac-
ity. In the same study, the mean number of logs per
load was, however, much lower (47, range = 30-82), but
this difference should be attributed to the smaller di-
mensions of the product assortments that were extract-
ed throughout this study. The overall average load
volume is also similar to what was found by Eriksson
and Lindroos (2014), which was 16.4 m’ (range = 5-22),
from a large-scale study that examined hundreds of
machines. In this study, the larger Elephant King ma-
chine had a higher average load volume, which is to be
expected based on the higher load capacity. McNeel
and Rutherford (1994) found that their observed aver-
age load volume (7.48 m’ or 7.5 tons per cycle) was
substantially lower than what the machine was capable
of (10 ton capacity) and suggested that this discrepancy
can happen due to the large amount of wasted space
that can occur between smaller sized logs, which may
have also been the case in this study.

The mean number of logs per load was not used
for further analysis since it varied highly based on the
product assortments of different sizes as well as the
concentration that was available in the field. The two
factors that were found to most strongly affect the pro-
ductivity of the forwarders were extraction distance
and load volume, which is consistent with many studies
(Jirousek et al. 2007, Ghaffariyan et al. 2012, Strandgard
et al. 2017, Proto et al. 2018), and were therefore the
focus of further modelling. Other factors known to af-
fect productivity such as operator skills, slope, and
natural site conditions were negligible, and therefore
not further analysed.

4.3 Forwarder Productivity

The average productivity was 45.85 m*/PMH, over-
all, which is similar to the range of previous studies
such asby Williams and Ackerman 2016 (46.8 m’/ PMH,),
Strandgard et al. 2017 (43.6 m*/ PMH,) and Ackerman
etal. 2017 (45.92 m’/ PMH,). The average productivities
per individual machine were 34.08 m*/PMH, for the
Buffalo and 55.94 m’/PMH, for the Elephant King. This
is much higher than the rates found by Proto et al.
(2018), who recorded 18.9 m*/PMH, for a medium sized
forwarder and an average of 39.9 m’/PMH, for two
larger forwarders of similar capacities to the machines
in this study, however their study sites had more
difficult working conditions to consider like slope and
wet ground conditions. The larger capacity Elephant
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King machine showed a higher productivity rate over-
all when compared to the Buffalo machine, as well as
for each individual product. This is consistent with
what was reported by Jirousek et al. (2007) and Proto
et al. (2018), who found that forwarders of higher car-
rying capacity will have higher productivities, which
should in turn offset their higher overall costs by de-
creasing the costs per product unit (m®) extracted.

The ranking of the productivity for each product
from highest to lowest was the same between ma-
chines, despite the small sample size of cycles for the
smaller products. The average productivity of long
sawlog cycles was by far the highest for each machine,
and for each machine the long sawlog productivity
was more than double than for the product with the
lowest productivity rate, which was Hewsaw (Fig. 3).
The second most productive product for each machine
was ply; however the difference between ply and short
sawlogs for the Buffalo machine was very small (25.77
and 25.50 m*/ PMH,), likely due to the similar volumes
of the two products (Table 5). Results from this study
are consistent with others that have also found for-
warder productivity to vary with different product
assortments (Kellogg and Bettinger 1994, Nurminen
et al. 2006), which is clearly illustrated in Fig. 2. The
recent study by Proto et al. (2018), however, found no
significant differences in productivities observed be-
tween product assortments. Nonetheless, as previ-
ously discussed, smallest logs are typically associated
with longer cycle times, which should therefore result
in lower productivities (Nurminen et al. 2006, Strand-
gard et al. 2017), which was generally the case in this
study.

4.4 Productivity Regression Analysis

General linear and multiple regression analysis was
used for the development of equations for predicting
forwarder productivity. Load volume and extraction
distance were both found to be significant and the most
important variables for predicting productivity overall
as well as for each machine, as previously discussed
and observed in many studies. The multiple regression
models constructed accounted for 43% of variation
overall, 80% of variation for the Buffalo, and 50% of
variation for the Elephant King. These R* values are
slightly higher than what was produced by the model
from Eriksson and Lindroos (2014) (R*= 0.35), which
also included extraction distance and load volume as
variables; however, mean stem size was also included
as an extra variable. This study’s R* values fall within
the common range acquired from other similar studies,
where R*>= 0.36-0.91 (McNeel and Rutherford 1994,
Nurminen et al. 2006, Jirousek et al. 2007, Ghaffariyan
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etal. 2012, Williams and Ackerman 2016, Strandgard et
al. 2017, Proto et al. 2018), all of which included extrac-
tion distance and load volume as variables in their
model, although some also included slope.

To date, there have been many mixed results re-
garding slope as a significant factor for predicting for-
warder productivity; however, since the slope was
negligible for this study and both machines worked in
the same compartment, it was not included in the
models. The cause of the remaining unexplained vari-
ation may be attributed to other interacting variables
that were not thoroughly examined, such as individ-
ual operator related factors and the quantity and con-
centration of products in the field. Similarly to
Williams and Ackerman (2016), travel speeds were not
found to be significant factors in attempts to model
forwarder productivity and are therefore considered
separately from the productivity models.

4.5 Travel Speed

The overall average speeds recorded are mostly
similar to the findings of Nurminen et al. (2006), and
Williams and Ackerman (2016), where the average
speeds loaded were 43.9 and 53.0 m/min and average
speeds unloaded were 56 and 58.1 m/min, respectively,
both for similarly sized forwarders. The averages of
this study were slightly higher than what was found
for a 18 ton capacity forwarder by Strandgard et al.
(2017) (loaded = 28.5 m/min, unloaded 44.5 m/min),
although much lower than what was recorded by
Proto et al. (2018) for both a 12 ton capacity forwarder
(loaded =62.5 m/min, unloaded =111.33 m/min) and two
19 ton capacity machines (loaded = 61.33, 102.83 m/min,
unloaded = 62.83 and 115 m/min). When comparing
the average speeds per cycle overall, travelling loaded
was significantly slower than travelling unloaded,
which is consistent with the findings of numerous for-
warder studies (Table 6). A much larger difference in
average speed between driving loaded and unloaded
was observed for the Elephant King machine, which
likely corresponds to the heavier loads and overall
characteristics of the machine, such as more wheels
that facilitate faster driving in field, especially while
driving unloaded. Speed is an important factor to con-
sider for maximizing productivity, since as mentioned
earlier, it is most optimal for the machine to drive the
longest distances unloaded so it can travel at a faster
speed. The recent study by Proto et al. (2018) found
the difference in driving speeds of large forwarders in
flat sites to be very similar and suggested that modern
forwarders are powerful enough to only be limited by
terrain factors instead of an empty or full load. It has,
however, also been found that higher proportions of
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acceleration and stopping time tend to occur with
shorter distances causing slower average speeds
(Nurminen et al. 2006), which may be why a bigger
difference was observed in this study, since it was
designed to have the machines driving loaded for the
shortest distances possible.

4.6 Fuel Consumption

Average fuel consumption was 15.55 1/PMH, and
0.47 I/m’ for the Buffalo machine and 20.57 1/PMH, and
0.43 1/m’ for the Elephant King machine. Truly accu-
rate comparisons of fuel consumption rates are often
difficult since there are multiple factors to consider
such as machine characteristics, operator factors, site
factors, and work load (Williams and Ackerman 2016).
However, findings from this study were still relatively
consistent with what was recorded by Williams and
Ackerman (2016) under similar conditions in South
Africa, where the average was 16.8 1/PMH, and 0.41 I/m®
for the 18 ton capacity forwarder studied. Another
known factor affecting fuel consumption rates is pro-
ductivity, where higher productivity rates tend to cor-
respond to lower fuel consumption (Nordfjell et al.
2003). As mentioned earlier, the more expensive as-
sociated costs of larger machines can be balanced by
increased productivity per unit extracted, which is
shown as the Elephant King machine had a lower
average l/m’ rate of fuel consumption.

It is known that productivity should be positively
correlated with efficiency of fuel consumption and
emissions (Cosola et al. 2016). This was observed for
both machines, as extracting long sawlog loads re-
quired significantly less fuel per m® than the other
products, which can be attributed to the higher pro-
ductivity rate (m*/PMH,). As previously discussed, the
longer associated loading times for products with
smaller volumes should result in lower productivity
and therefore higher fuel consumption rates (Nordfjell
et al. 2003, Cosola et al. 2016). This trend was also ob-
served between products as Hewsaw, the product
with the smallest volume, required the most fuel per
m’ extracted, while the product with the largest vol-
ume, long sawlogs, required the least. Nordfjell et al.
(2003) also noted that, in order to maximize fuel con-
sumption at the 1/m’ level over long extraction dis-
tances, it is important to fully utilize the machine load
capacity, which mostly occurred in this study when
extracting larger products.

5. Conclusions

Accurate predictions for maximising the productiv-
ity of machines in mechanized cut-to length (CTL) har-
vesting are of high importance for planning and costing
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of forest operations. Time consumption and productiv-
ity were calculated and compared between two models
of forwarders with different sizes and capacities. The
effects of extracting products of four different sizes
were also compared overall and between machines.

Load volume and extraction distance were both
significant factors in regression models for predicting
forwarder productivity overall and for each size of
machine. The larger machine obtained a higher rate of
productivity overall as well as for each individual
product when compared to the smaller machine. Aver-
age log volume was strongly positively correlated
with productivity; therefore, the largest product as-
sortment (long sawlog) was significantly the most pro-
ductive to extract for each machine. The smaller ma-
chine consumed less fuel per PMH, but the larger
machine consumed less fuel per m’, suggesting that
the higher associated costs of larger machines can still
be offset or surpassed based on higher rates of produc-
tivity and lower extraction costs per unit. Preliminary
estimates of fuel consumed per product showed that
fuel consumption was lowest on average when ex-
tracting cycles of the largest product (long sawlogs),
compared to highest for the product with the smallest
volume (Hewsaw).

Results obtained can contribute to the database of
forwarder productivity in mechanized harvesting op-
erations in South Africa and the models developed
could aid in predicting and planning for improved
system productivity under similar conditions and
stand characteristics.
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