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Optimization potential of a standard tractor
in road transportation

Michael Mederle, Adrian Urban, Hubert Fischer, Ulrich Hufnagel, Heinz Bernhardt

In numerous farms road transportation is of high importance in the task range of a standard
tractor. During the harvest of grain or biomass as well as during the application of organic
substrates a certain number of tractors exclusively runs on the road. The present study shows
under practical conditions opportunities to optimize standard tractors for road transportation
with acceptable effort to increase machine utilization and process efficiency at the same
time. By realizing certain optimizing measures fuel consumption can be reduced by 11.4% on
average. Increasing the maximum speed from 50 to 60 km/h results in time savings of 8.5%
on average, causing a 5.5 % higher fuel consumption on average. The benefits of the examined
optimization measures always have to be judged farm- and situation specifically.
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Transportations of any kind play an increasingly important role in agriculture. Growing farms, the
gradually centralization of agricultural trading houses and sales opportunities as well as new branch-
es of industry, such as biogas production, lead to an increasing effort in logistics (Gorz 2011). Thereby
not only the quantity of goods to be transported but also the transportation distance is continuously
rising (BernHARDT 2014). Previous examinations already show that nearly 40 to 50% of the required
working time in arable farming is due to transport, handling and storage (FroBa 1994, MUHREL 1974).
Figure 1 shows the proportion of the agricultural transport volume compared to the commercial
freight transport in Germany in 2014.

The domestic German freight logistics is dominated by road transport, both in terms of haulage
mass (3.5 billion tons) as well as hauling capacity (467 billion ton kilometers) which is defined as
product of transported mass in tons and average transportation distance in kilometers. As a result,
the average haul distance is 134 km for road haulage. Considering the quantity of transported goods
agriculture is in the second place with about 500 million tons, even before railroad (365 million
tons) and inland shipping (229 million tons). Regarding hauling capacity agriculture is in the last
rank with 8.0 billion ton-kilometers. This is due to relatively low haul distances of 16 km on average
(StatistiscHEs Bunpesamt 2015, KTBL 2013 and BernuaArDT 2014).

Concerning soil protection and sustainable conservation of the soil structure general splitting of
field and road transportation would be desirable. For each particular requirement vehicles with large
footprints in the fields and trucks with fuel-efficient high-pressure tires on the road offer the best
solution possible in terms of weight, tire abrasion or fuel consumption (REckLEBEN et al. 2013).

However, due to short distances between fields and farm of 4 km on average single-phase logistics
systems are widely spread especially in grain or biomass transport. A combination of standard tractor
and trailer transports the goods directly from the harvester to the storage or to the silo. In case of

received 31 July 2015 | accepted 21 September| published 19 October

© 2015 by the authors. This is an open access article distributed under the terms and conditions of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0).



LANDTECHNIK 70(5), 2015 195

| | @ Average haul
134 | 308 | 259 | distance [km]
3500 3500 | | [ o0
467,5 Haulage mass [Mio {]
I N7
I I
3000 — | | [TIT]] Hauling capacity (Mrd tkm
— 400
I —_
— 2500 | | | £
e | | | 5
= | 2
‘g 2000 | | | 300 E;
g | | g
2 1500 I I | g
g 1500 | - 200 O
3 | | | 2
T 5
1000 : 1126 : | £
— 100
500 — | 365 | 593 | _500
| | 229 |
| | I/ /] I rv—v—sv—’vgv—n
Road haulage Railway Barge Agriculture

Figure 1: German domestic transport volume 2014 (StatistiscHis Bunpesamt 2015, KTBL 2013, BErnHARDT 2002 and
own calculations)

multiphase transport chains field and road transportations are completely decoupled. However, this
is only profitable if an extensive range of machinery and complex technology is available.

For decoupling field and road transportation in multiphase logistic systems it is not inevitably
necessary that a truck has to be used on the road. Tractors as general-purpose machines are becom-
ing more and more expensive both in purchase and in maintenance. Hence they require a workload
which is as high as possible. For this reason in most farms they are also generally used for road trans-
portation - although without being optimized in terms of lower fuel consumption and tire abrasion.

Former studies already examined various measures to reduce fuel consumption and to increase ef-
ficiency. LinpcreN and Hansson (2002) determined fuel savings amounting to 2, 6 and 14 % for tractors
with continuously variable transmissions used in road transportation by reducing the engine speed
from 2000 rpm to 1800, 1600 and 1400 rpm.

In their examination on fuel consumption of varying motorized transport units Jiex et al. (2008)
demonstrate that fuel demand may differ by up to 27 %, depending on the selected tractor perfor-
mance. The tractor with the highest rated power requires the highest amount of fuel per ton-kilome-
ter. However, this one has the highest transport volume per hour.

UpomperaikuL et al. (2011) show in their examination that fuel efficiency of a tractor running in
road transportation can be increased easily by approximately 10%. Raising the tire pressure from
62 kPa to 110 or 158 kPa results in fuel savings of 7.3 and 11.4 % respectively.

In their comparison between AG tires and industrial tires REckLEBEN et al. (2013) obtained fuel sav-
ings of 18.2% on average by using industrial tires in a mixed use of field and road work. This study
focused on operations such as swathing, straw baling or the removal of grass silage, which require
significantly lower pulling forces than e.g. ploughing or conservation soil tillage. When considering
road transportation exclusively, fuel demand of industrial tires is lower by about 10.3 % on average
due to the lower rolling resistance of paved roads.
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According to surveys tractor tires are said to be used up to 30% in road transportation (HORNER
2011). For this reason the present study is intended to focus on the optimization potential of a trans-
port unit consisting of a standard tractor and a trailer in road transportation. The target variables
were fuel consumption and lap time.

Materials and method

Eight different variants have been compared and analyzed under practical conditions. They differed
in terms of tractor tires - and thus in reduction of weight -, loading conditions and maximum speed
(Table 1). In addition to changing the tires all parts of the rear linkage which are not needed for road
transportation - upper/lower arms, side stabilizers and lifting struts - have been dismantled to re-
duce the empty weight of the tractor and to increase the payload of the trailer.

Table 1: Overview of the experimental variants

Tractor tires Loading condition of the trailer Maximum speed [km/h] Variant
50 1
unloaded
) 60 2
AG tires
50 3
loaded
60 4
50 5
unloaded
60 6
Industrial tires
50 7
loaded
60 8

Both types of tires have been analyzed for maximum speeds of 50 and 60 km/h as well as for trail-
er loading conditions ‘loaded” and ‘unloaded’. When fully loaded the transport unit had a gross vehicle
weight of exactly 40 tons. The tractor trailer combination to be tested consisted of a Fendt 828 Vario
and a Krampe Roadrunner DA 34 (Figure 2).

Figure 2: Transport unit consisting of a Fendt 828 Vario and a Krampe Roadrunner DA 34 (Photo: M. Mederle)
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The special feature of this new trailer concept is that the 3-axle trailer is able to transfer two to four
tons of vertical load on the tractor depending on the permissible maximum speed. Thus the trailer
has a gross vehicle weight of up to 34 tons. Each variant is repeated three times, thus the experiment
is based on 24 test runs on a defined test track of 33.9 km length and 440 meters of altitude. The test
track is classified in three different parts: ,in town‘ (3.14 km), ,cross-town‘ (23.92 km) and ,urban
traffic’ (6.84 km). Changing conditions along the route, e. g. uphill and downhill passages of up to 5%,
make the test course a representative and practical transport route for Southern German agriculture.
Due to the renunciation of highways and motor roads tractors are allowed to pass the whole circuit.
The classification of the individual route sections was conducted in a uniform model (HErrmanN 2000)
to be able to compare the results with previous driving tests (EnceLuarpr 2002, Gotz 2011). Table 2
shows the tire types used for the experiment as well as the corresponding sizes and pressures.

Tabelle 2: Overview of used tires and pressures

Front axle Rear axle
Designation
Size Pressure [bar] Size Pressure [bar]
AG tires Michelin AxioBib 600/70R30 1.2 710/70R42 1.4
Industrial tires Nokian TRI 2 440/80R34 3.2 620/80R42 3.2

In the standard versions with AG tires the tractor was equipped with Michelin AxioBib 600/70R30
in the front and 710/70R42 in the rear. The pressure was chosen according to the load capacity at
60 km/h given in the inflation table and represents a compromise between field and road use. In the
optimized versions industrial tires of the type Nokian TRI 2 have been used. The size 440/80R34 was
mounted in the front and 620/80R42 in the rear. The inflation pressure was adjusted to the maximum
permissible 3.2 bar, so that the lowest rolling resistance possible could be ensured. In all variants the
trailer has been equipped with Alliance Flotation 396 HS tires which are optimized to road transpor-
tation (pressure 6 bar) and had a size of 445/65R22.5. Table 3 shows the weights of both variants and
the resulting payloads.

Table 3: Overview of empty weights and payloads of the experimental variants

Standard version Optimized version
(AG tires, incl. rear linkage) (industrial tires, excl. rear linkage)
Empty weight tractor [kg] 10,680 10,240
Empty weight trailer [kg] 10,760 10,760
Empty weight transport unit [kg] 21,440 21,000
Payload [kg] 18,560 19,000

In the standard version with AG tires and rear linkage as standard the tractor had an empty
weight of 10,680 kg. For the optimized versions this number could be reduced by 440 kg to a total
of 10,240 kg. Weight savings of 210 kg have been achieved due to the lighter industrial tires and
230 kg by disassembling all parts of the rear linkage not needed for road transportation. The weight
of the Krampe Roadrunner was 10,760 kg. The empty weight of the transport unit was 21,440 kg
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for the standard variant and 21,000 kg for the optimized version. This finally resulted in payloads of
18,560 kg (standard version) and 19,000 kg (optimized version) respectively. Both the variants with
50 km/h maximum speed as well as those at 60 km/h were carried out by the same tractor. The par-
ticular maximum speed has been set and held by the cruise control.

The measuring method was based on the standard of the DLG test center (DEGreLL et al. 2003). The
fuel consumption was determined volumetrically. Therefore an oval wheel flowmeter of the type AIC-
6004 Swiss Line Uniflowmaster (Automotive Information and Control Systems) has been retrofitted
which operates according to the principle of displacement. In accordance to the manufacturer this
measurement tool has an accuracy of + 1% and a reproducibility of £ 0.2% (AIC 2011). Additionally
a PT100 temperature sensor is integrated in the instrument for continuously detecting fuel tempera-
ture. The data of consumption and temperature have been recorded with a frequency of 1 Hz. The fuel
consumption has been set off against the fuel temperature and then presented in g /100 km.

Results

Figure 3 shows the fuel consumption of the two examined tractor concepts both for trailer loading
conditions ,loaded’ and ,unloaded’ as well as for maximum speeds 50 and 60 km/h. The figures repre-
sent the average values of the three repetitions of the respective variants. The values of the individual
test runs do not vary more than = 3% around the corresponding average value.
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Figure 3: comparative presentation of fuel consumption of standard version and version optimized on road transpor-
tation

Across all trial variants the transport unit optimized on road transportation by industrial tires and
weight reduction has a lower fuel consumption of 11.4 % on average. The saving is about 8 % with the
trailer loaded. With respect to the higher payload of 2.4 % in the optimized versions the savings raise
up to 10.3 % on average. In the variants with the trailer unloaded fuel savings finally end up to 14.6 %.

These dimensions are comparable to the results of UpompeTaikuL et al. (2011) and RECKLEBEN et al.
(2013). The superiority of the optimized concept mostly issues from higher inflation pressures of in-
dustrial tires. Thus the rolling resistance can be reduced significantly. It is remarkable that for both
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maximum speeds the advantage of the optimized versions is almost twice as high with empty trailer
as with the trailer loaded. This fact is explainable by the distribution of the total weight between the
different axles. With empty trailer approximately 50 % of the total weight of the transport unit press
on the tractor axles being optimized. This proportion decreases to about 25% after weighing the
trailer at 40 tons. Thus, the optimization measures are no longer acting to the same extent as in the
variants with empty trailer.

If the two versions ,standard’ and ,optimized’ are considered individually it is evident that - re-
gardless of tire concepts and loading conditions - higher maximum speed (in this case 60 km/h)
inevitably induces higher fuel consumption. The absolute fuel consumptions are comparable with
results of previous studies (e.g. Gotz 2011). Nevertheless they always have to be considered in rela-
tion to the driven test track which included 440 meters of altitude on a total length of 33.9 km in the
present study.

In total, significant influences on the 5% level were detected in the analysis of variance for maxi-
mum velocity (50 or 60 km/h) and optimization by tire changing and weight reduction.

Figure 4 shows average lap times as well as obtained average speeds for all eight variants. Again
the values represent the average of three single measurements for each version. Concerning lap time
the individual measured values vary about + 4% around the mean. In both versions (standard and
optimized) the transport unit realized for both trailer loading conditions faster lap times at 60 km/h
than at 50 km/h maximum speed. This difference is significant at the level of 5 %.

All speed values are to be seen against the background that the present study is an experiment
under field conditions. The paces achieved depend on factors such as track condition (slopes, road
quality, etc.), interaction with other road users or the proportion of in town and cross-town routes
(Gorz 2014).
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Figure 4: comparative presentation of lap times at maximum speeds 50 and 60 km/h
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The shortest average time has been made in the optimized version with trailer unloaded and at a
maximum speed of 60 km/h (44.2 min). In this case the lowest weight had to be moved. The transport
unit could be accelerated very effectively and therefore it was best able to take advantage of route
sections where 60 km/h are permitted. The standard version at 50 km/h maximum speed with the
trailer loaded took the longest time (54.3 min).

Lower lap times at the maximum velocity of 60 km/h compared to 50 km/h result in higher aver-
age speed. These differences range from 2.0 km/h in the optimized version with the trailer loaded up
to 5.6 km/h in the optimized version with empty trailer. Compared to the study of Gorz (2011) which
included a standard tractor of upper performance (243 kW) with 60 km/h maximum speed, the pres-
ent values for average speeds are lower. The absolute difference of 3 km/h when the trailer is empty
and 5.6 km/h with loaded trailer is caused by differing test courses and the lower engine power of the
tractor used in the present study.

Concerning absolute lap times there is an average advantage of the unloaded variants amounting
to 8.5% compared to the versions with the trailer loaded; this range extends from 5.0 to 12.3%. Again
it is remarkable that time advantage comes out significantly higher for the trailer unloaded both in
standard and optimized versions. The empty transport unit can be accelerated to the specific maxi-
mum speed easier. Therefore more time is available for effectively taking advantage of it. That effect
is reinforced if only considering the test track’s cross-country sections. For this the benefit amounts
to an average of 9.8 %. In town this fact does not appear, because speed is limited to 50 km/h due to
traffic regulations.

In contrast to the maximum speeds (50 or 60 km/h) the optimization of the transport unit by
tire changing and weight reduction does not have any significant influence on lap times. However in
terms of fuel consumption there is a significant advantage on the 5% level in favor of the optimized
versions.

Conclusions

Rising transport volumes and distances make alternatives and optimization measures increasingly
useful and profitable. The substitution of standard AG tires by industrial tires is relatively easy to re-
alize and enables considerably higher inflation pressures. In the present study the implemented opti-
mization measures (tire change and dismounting of rear linkage) reduced fuel consumption by 11.4 %
on average and increased payload by 2.4 %. Due to the different weight distribution on the axles of the
transport unit the advantage of lower fuel consumption is considerably bigger in the versions with
unloaded trailer (up to 14.6 %). In the versions with a gross vehicle weight of 40 tons the advantage is
approximately 8 %. The remarkable extent of this benefit motivates to think about optimizing tractors
with manageable effort which are priority used in road transportation. Besides lower fuel demand
further reasons could be cited: less abrasion and enhanced durability of industrial tires (RECKLEBEN et
al. 2013) as well as increased payload by reducing weight.

For example, if doing the silo maize harvest or the application of organic substrates by single-phase
logistics systems, it might be advisable to use a tire pressure regulation system due to frequent
changes in field and road conditions. In this way the advantages of AG tires concerning traction per-
formance especially in wet field conditions could be perfectly taken into consideration, while reduc-
ing fuel consumption and tire abrasion by higher inflation pressures in road transportation.
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With regard to process efficiency the maximum permitted speed is an important factor for trans-
port logistics. In terms of transport speeds tractors with 60 km/h maximum speed already are able
to keep up with the performance of trucks, especially if the route does not include highways or motor
roads. However, the costs of increased efficiency in the form of time savings by higher maximum
speed have to be determined. When taking fuel consumption of the different variants into consider-
ation, the 60 km/h versions achieve a time advantage of 8.5% on average at a fuel consumption of
5.5% higher. Again, this effect is more pronounced in the versions with empty trailer. The 60 km/h
versions have to pay their time savings amounting to 10.1 % (standard AG tires) and 12.3 % (industrial
tires) with a fuel demand of about 7 % higher.

For each single farm the decision of the appropriate alternative has to be made individually de-
pending on farm- or even day-specific situations. It should be taken into consideration that due to
traffic regulations 60 km/h tractors can only enforce their advantage cross-town and on roads of good
conditions. The higher this share in the transport road, the more worthwhile is the higher maximum
speed in terms of required transport time. Otherwise all consequences, such as higher fuel consump-
tion or additional costs for the tractor’s and trailer’s registration and general inspection, have to be
taken into account.

In conclusion on routes similar to the present test course a tractor with maximum speed of 60 km/h
is definitely able to keep up with a truck concerning transportation velocity because trucks only take
advantage of their higher speed options on highways and motor roads. Due to their significantly high-
er off-road capability tractors exhibit benefits when it becomes necessary to leave paved roads and to
go into the fields.
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