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ABSTRACT 

Vermeulen, G.D., 2001. Reduction of soil tare by improved uprooting of sugar beet; 
a soil dynamic approach. Dissertation, Wageningen University, Wageningen, The 
Netherlands, 147 pp. 

Keywords: soil tare, soil adherence, sugar beet, uprooting, harvest, lifting, 
extraction, soil dynamics, harvesting quality 

The relative amount of soil in sugar beet lots, called soil tare, should be reduced to 
curtail the cost and negative aspects of soil tare. Highest soil tare occurs in beet lots 
harvested out of wet clay soil. The main problem is that commonly-used share 
lifters press the soil against the beet. Thereafter, the wet clay soil adheres strongly 
to the beet and is difficult to be removed. The objective of the research was to 
analyse and improve the uprooting process of sugar beet, in order to reduce soil tare 
during harvest on wet clay soil. 
A new characteristic, the relative soil adherence (RSA; 100% = all soil adheres 
strongly) was introduced to quantify soil adherence. The adhering-soil tare and RSA 
following various experimental beet extraction methods and lifting with a driven 
rotary-shoe lifter, were compared with conventional share lifting in field 
experiments, using stand-alone lifters on wet clay soil. Conventional lifting resulted 
in 50% (w/w net; i.e. relative to the clean beet mass) adhering-soil tare and an RSA 
of 32%. Quick, small-pitch-spiral extraction, however, resulted in 8% adhering-soil 
tare and an RSA of 40%. The driven rotary-shoe lifter resulted in 13% adhering-soil 
tare and an RSA of 47%. The RSA turned out to increase naturally with decreasing 
adhering-soil tare. When compared at the same level of adhering-soil tare, the RSA 
after beet extraction was significantly lower and the RSA after shoe lifting was 
about equal to the RSA after conventional lifting. 
To provide theoretical foundation for the observed effects, the soil-beet-lifter 
system was modelled and the initial stage of uprooting was simulated, using 
PLAXIS, a geotechnical computer programme. Characteristics of the root system 
and of the uprooting method had a prominent effect on the stress state in the soil 
around the beet, and on the resulting zone of initial soil failure. The simulated 
behaviour of soil agreed well with effects observed in the field experiments, 
provided that reinforcement of the soil by rootlets was taken into account. 
Based on the results of this research, it is estimated that complete harvesting 
systems with common beet cleaning facilities, on wet clay soil, may at best reach 7 
to 15% soil tare by using further-improved conventional beet lifters and 3 to 6% 
soil tare by using beet lifters that would induce beet rotation at the initial stage of 
lifting. 
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CHAPTER 1 

General introduction 

1.1 Background 

A typical mechanised chain of activities around the harvest of sugar beet (Beta 
vulgaris L.) and the transport of beet to the factory includes the harvest itself, the 
transport off the field, temporary near-field storage in a beet pile, loading of the 
beet onto a truck and road transport to the factory (Figure 1.1). 

Typically, modern mechanised harvesting is performed by a complete, self-
propelled beet harvester, combining the following harvesting phases (Figure 1.2): 

- Leaf stripping: removal of most of the leaves (by a leaf stripper); 
- Topping: removal of the top of the beet (by a topper); 
- Lifting: uprooting of the beet (by beet lifters); 
- Cleaning: removal of soil from the beet (by various mechanical devices); 
- Hopper loading: transport to the beet hopper (by a chain type elevator); 
- Hopper storage: temporary storage of the beet in the hopper; 
- Hopper unloading: unload the beet hopper on to a trailer (by a chain type 

elevator). 

The quality of sugar beet lots is determined as standard practice from samples taken 
at the beet reception station of the sugar factory, to fix the quality parameters for 
calculation of the payment rate to farmers. For this purpose, the beet lot quality is 
specified by chemical characteristics of the beet, such as the sugar content and the 
extractability index, and by the total amount of unwanted material in the beet lot. 
The relative mass of unwanted material is qualified as total tare, expressed in 
percent of the total mass of the delivered material. The unwanted material usually 
consists of loose soil, soil adhering to the beet, loose beet tops, beet tops that were 
not removed from the beet, leaf remnants, weeds and stones. 

During the harvest of sugar beet, always some soil ends up in the truck that 
transports the beet to the factory, despite the cleaning efforts. This remaining soil, 
being part of the unwanted material, is called tare soil. The relative mass of the tare 

1 The term 'sugar beet' or "beef is used both to indicate the whole plant(s) and to indicate the 
harvested part(s) of the plant root(s). 
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1 = leaf stripper 
2 = topper 
3 = beet lifters 
4 = cleaning section 
5 = hopper loading section 
6 = hopper 
7 = unloading section 

Figure 1.2. Schematic representation of the harvesting process in a complete beet harvester. 

soil is usually qualified as soil tare, expressed in percent of the total mass of beet 
and unwanted material (gross soil tare) or of the clean beet mass (net soil tare). 
Determination of the soil tare is not part of the standard quality assessment of beet 
lots at the factory. 

Before processing, the beet are cleaned by washing with ample water because the 
sugar production process requires very clean beet (adhering-soil tare < 1% w/w, 
net). The water stream with soil particles is generally led to sedimentation lagoons, 
located near the factory. After sedimentation and drying, the soil is removed from 
the lagoons and used in civil engineering, landscaping projects or other 
applications. 

Recent figures (Maassen & Van Swaaij, 2000; Tijink, pers. comm.) for the 
Netherlands indicate a decreasing trend in the total yearly amount of soil 
transported and delivered with sugar beet to the sugar factories, in the period 1972 
till 1999 (Figure 1.3). Based on this trend, the expected amount of soil at the factory 
in 2000 is 600 million kg. The results in Figure 1.3 also indicate that the yearly 
amount of soil varies considerably. This yearly variation is mainly attributed to 
differences in soil and weather conditions during the harvesting season. 

As the total amount of processed beet increased from 1972 till 1999, the decrease in 
amount of tare soil is clearly caused by a decline in the average soil tare of sugar 
beet at the reception station of the factory (Figure 1.4). Due to the handling of the 
beet and additional cleaning treatments, on their way from the piles near the field to 
the reception station of the factory, the soil tare may be affected. Handling of the 
beet during loading onto the truck will usually result in less soil tare. While the 



Chapter 1 

1800 

1600 

1400 

1200 

1000 

800 

600 

400 

200 

0 

R2 = 0.3252 

1970 1975 1980 1985 1990 1995 2000 
Year 

Figure 1.3. Yearly amount of tare soil delivered at the Dutch factories from 1972 till 1999, derived 
from statistics of IRS (Maassen & Van Swaaij, 2000) and additional data on yearly harvested area, 
provided by Tijink (pers. coram.). 
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Figure 1.4. Yearly mean net soil tare of sugar beet delivered at the Dutch factories from 1972 till 
1999, derived from statistics of IRS (Maassen & Van Swaaij, 2000) and additional data on yearly 
harvested area, provided by Tijink (pers. comm.). 

handling effect may lead to a considerable decrease in soil tare when the soil tare in 
the beet pile is high (Jorritsma, 1958), the effect will be small when the soil tare in 
the beet pile is low. When the beet were not stored on a paved location, handling 
could actually result in an increase in soil tare. In the past ten years, beet lots were 
additionally cleaned on a limited scale (less than 10% of all beet lots). The 
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additional cleaning occurred at the farm, during loading of the beet from the beet 
pile near the field onto the truck by a cleaner loader, or at an intermediate sugar 
beet depot by a cleaning device included in the internal transport system. Because 
of the additional cleaning, the average soil tare at the reception station of the 
factory will have been somewhat lower than the soil tare in the beet pile near the 
field. The total reduction of the average soil tare by beet handling and additional 
cleaning is estimated to be about one percent in soil tare. Therefore, the projected 
net soil tare in the beet piles near the field was 10% on average in 1993, the starting 
year of the research, and 8% in 2000. 

The soil tare phenomenon occurs worldwide for all root and bulb crops. In most 
cases the final product should be clean and, therefore, soil tare is a problem to a 
certain degree. However, the magnitude of the problem depends on the crop and on 
local conditions. For sugar beet in the Dutch context, farmers, the industry and 
society have a common interest in reducing the total amount of tare soil brought to 
the sugar factories due to several reasons: 

- Soil tare is a considerable cost in the chain from harvest to sugar production. It is 
estimated that the total yearly cost of soil tare of sugar beet in the Netherlands is 
25 million euro. About 50% of these cost are directly related to soil tare, such as 
those of beet cleaning and of the storage, transport and disposal of tare soil. The 
other 50% of the cost are associated with beet losses due to the cleaning of beet. 
The cost of soil tare is paid for partly by the industry and partly by the farmers 
through a soil tare deduction, integrated with the payment system for delivered 
beet; 

- For the farmer, soil tare entails erosion. Under extremely unfavourable 
conditions the net soil tare may be up to 55%. Therefore, 21 t ha" of fertile 
topsoil, corresponding with a soil layer of 1.4 mm, may be lost at a sugar beet 
yield level of 601 ha" ; 

- Soil tare presents also a phytosanitary risk. Soil diseases and weed seeds may 
spread by recycling the soil batches, originating from numerous locations. 
Therefore, application of the soil in agriculture is not recommendable; 

- A substantial amount of finite or scarce resources such as fossil fuel, clean water 
and land is spent on all operations that cope with the tare soil. Therefore, 
reducing the total amount of tare soil enhances the sustainability of sugar beet 
production. 

Opportunities to reduce soil tare turn up at various links in the chain from sowing to 
delivery of the beet to the factory. The most challenging opportunities to reduce soil 
tare at low cost occur during the field period of the beet, from sowing to transport 
off the field. After all, the soil would then remain on the field and further costs for 
cleaning, cleaning-associated beet losses, and storage, transport and disposal of tare 
soil are avoided (Strooker, 1962; Bulich & Kromer, 1986). Agronomic measures to 
reduce soil tare, such as the breeding of low-soil-tare varieties, continuously receive 



Chapter 1 

research attention and are expected to contribute to solving the problem on the long 
term. This thesis deals with the reduction of soil tare at harvest by improving the 
sugar beet harvesting technology. The focus is on a major improvement of the 
uprooting process, which may be considered as the first cleaning action performed 
on the beet. Effective cleaning during this harvesting phase would considerably 
reduce the need for further cleaning in all following beet treatment phases. 

Soil tare varies between years, fields and beet varieties (Vermeulen, 1995). At the 
start of this research it was already clear that the soil texture and soil wetness have a 
major effect on soil tare. Soil tare is usually highest on wet clay soils and lowest on 
sandy soils (Wevers & Andringa, 1979; Duval, 1988). As about 2/3 of the sugar 
beet in the Netherlands are grown on clay soils and the soil at harvest is often wet, a 
reduction of the soil tare of beet grown on clay soils and harvested under wet 
conditions is expected to result in a significant reduction of the total amount of tare 
soil. Therefore, this thesis focuses on the uprooting of beet from wet clay soils. 

Reduction of soil tare cannot be taken on its own, but should be considered within 
the context of the total performance of the harvesting process, including both the 
product quality, the product losses and the harvesting capacity. For example: more 
aggressive mechanical cleaning of the beet usually results in lower soil tare, but 
also in more beet damage, higher beet losses and, possibly, in slowing down of the 
harvesting operation. Moreover, when focussing on the uprooting process, one has 
to consider which intermediate performance is desired in anticipation of the 
subsequent phases of the harvesting process. 

1.2 Research objective 

The research objective was to analyse and improve the uprooting process of sugar 
beet, in order to reduce soil tare during harvest from wet clay soils, taking into 
account the effects on the total harvesting performance. 

1.3 Outline of this thesis 

A considerable amount of research and development effort has been dedicated to 
improve the total performance of sugar beet harvesters and the performance of beet 
lifters before the research work described in this thesis started. To connect the 
research as much as possible to practice and other research work, terminology used, 
definitions of terms used and methods used to assess the performance of harvesters 
and lifters are reviewed in Chapter 2. Despite efforts to standardise the terminology 
used in relation to the production and processing of sugar beet by publication of a 
sugar beet dictionary (Vandergeten et al, 1997), it appeared to be necessary to 
concisely explain the English terms used in this thesis (Appendix 1), to avoid 
misinterpretation. 
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The literature review in Chapter 3 is focussed on the factors that are reported to 
affect the quality of uprooting and of harvesting, being part of the performance of 
lifters and harvesters. Except for the harvesting technology used, characteristics of 
the beet and of the soil are also very important factors that determine the quality 
obtained. Effects of the characteristics of beet and soil and of known past, current 
and experimental uprooting and harvesting processes on the quality of uprooting 
and harvesting are discussed. A striking conclusion from the literature review was 
that soil tare after beet extraction with beet pliers, grabbing the top of the beet, was 
sometimes about equal to the soil tare after a complete modern harvesting process. 
Moreover, it was reported that wet clay seemed to adhere less strongly to the beet 
surface after extraction than after a complete modern harvesting process. However, 
no method was reported to quantify the strength of adherence of soil to the beet. As 
it was expected that weakly-adhering soil can be easily removed from the beet by a 
cleaning process, improvement of the uprooting process on the basis of beet 
extraction seemed promising and was adopted as the research direction for the work 
described in this thesis. 

In Chapter 4, two field experiments are reported. The first experiment (Section 4.1) 
concerns the optimisation of the path and accelerations during extraction (grab 
lifting) in terms of soil tare and soil adherence. Features of a specially-built mobile 
experimental beet puller to apply the extraction treatments and a method to quantify 
the strength of adherence of soil to the beet surface by a parameter called the 
relative soil adherence are described. Very low soil tare turned out to be possible 
for spiral extraction paths and high accelerations during extraction. The relative soil 
adherence increased with decreasing soil tare, irrespective of the extraction 
treatment. 
The objective of the second experiment (Section 4.2) was to compare grab lifting 
with conventional share lifting. As practical application of grab lifting is 
problematic, the driven rotary-shoe lifter, with a lifting path and lifting acceleration 
resembling quick, spiral extraction to some extend, was included in the comparison. 
Based on the results of this experiment, it was concluded that the driven rotary-shoe 
lifter might be a suitable means of reducing soil tare on wet clay in practice. 

To better understand the fate of the soil surrounding the beet during the uprooting 
process, including the quantification of the conditions in this particular volume of 
soil, the uprooting process was further analysed theoretically in Chapter 5. For this 
purpose, the soil-beet-lifter system was modelled and the initial stage of uprooting 
was simulated, using PLAXIS, a geotechnical computer programme. It is described 
how various systems, including beet with and without rootlets and various 
uprooting methods, were modelled and how the output of the simulations relates to 
the origination of soil tare and expected soil compaction and plastication due to 
uprooting. 
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In Chapter 6 general issues related to research methods used, results obtained and 
recommendations with respect to future work are discussed and prospects, based on 
the results, are indicated. 



CHAPTER 2 

Assessment of the quality of harvesting and of uprooting 

The quality of harvesting and of uprooting addresses the quality of these processes, 
given the input conditions of beet and soil. For the purpose of improvement of 
harvesting and uprooting, information on the beet quality obtained and losses 
experienced in specific process phases is desired to locate the phase and location at 
which problems may occur. The International Institute of Beet Research (IIRB) has 
published international guidelines for assessment of the performance of sugar beet 
harvesters (Brinkmann, 1986a), intended for use during sugar beet harvesting 
demonstrations. Just as in the research work described in this thesis, the objective 
of the testing of harvesters during demonstrations is mainly to assess the harvesting 
quality aspect of machinery performance. Currently, the IIRB guidelines are 
reviewed and extended with other machinery testing procedures to become an IIRB 
standard. The terminology used in relation to the quality of harvesting is mainly 
based on the English version of a concept for the new IIRB standard (Vandergeten 
et al, 1997) and mostly consistent with terms used in the Sugar Beet Dictionary 
(Anon., 1999). Chapter 2.1 is based on the IIRB guidelines and supplemented with 
information from other sources. Most of the assessment methods for the harvesting 
quality are also useful to assess the quality of uprooting processes. However, some 
characteristics are superfluous and one additional characteristic, the soil adherence, 
should be considered. The assessment of the quality of uprooting is discussed in 
chapter 2.2. 

2.1 Quality of harvesting 

The IIRB guideline consists of three parts: 

- Prerequisites of harvesting machinery testing; 
- Guideline for describing the characteristics of the sugar beet field used for the 

tests; 
- Guidelines for assessment of the harvesting quality: characteristics of quality to 

be measured, recommended methods to determine these characteristics and 
formats for presentation of the results. 

The prerequisites of testing of harvesting machinery are that the testing is 
conducted on a field with a plant density of 50,000 to 120,000 beet per hectare 
(counting only beet with a diameter > 4.5 cm), that the minimum working speed is 
4 km h" and that the conditions are equal for all machines tested. 
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The sugar beet field used for the tests should be described by soil type, state of soil, 
cultural practices, sugar beet variety, type of seed, seed spacing, row width, 
population density, plant distribution, diameter of the root, yield of clean beet and 
other details considered relevant. 

The recommended characteristics of the harvesting quality to be determined are: 

- Topping quality; 
- Surface losses; 
- Root breakage; 
- Soil tare; 
- Superficial damage. 

A description of each of these characteristics of quality, including background, 
definitions and assessment methods are presented in the next sections. 

Topping quality 
The reason for leaf stripping and topping of the beet at harvest is that the leaves and 
the upper part of the beet root have a negative effect on the sugar extraction 
process, due to their chemical composition. Therefore leaf parts and beet tops are 
considered as unwanted material in beet lots. Most of the unwanted components in 
the beet top are located near the origin of the petioles of healthy plant leaves. The 
desired level to cut off the beet top depends on the directions given by the sugar 
factories. In Germany and the Netherlands, the sugar factories prescribe the correct 
level to be just above the lowest leaf scars (Bulich, 1984; Brinkmann, 1986a, 
1986b). The beet is called correctly topped when cut off at this level. In practice, 
not every beet is correctly topped due to a combination of factors such as the 
variable height of the beet crowns above the soil, in-row spacing variability, 
imperfect depth control of the topper and a slanting position of the beet in the soil. 
The IIRB recommends subjective assessment of the topping quality by visual 
inspection of a sample of 1,000 beet. Each single beet in the sample lot is to be 
classified in one of the classes presented in Figure 2.1. The topping quality is 
presented as a table of the percentage of beet (n/n) found in each class. 
A quantitative approach of the topping quality is possible by measuring the quality 
in terms of two other elements of quality: top tare and overtopping losses. When the 
beet is topped too high (undertopped), the relative mass of the left behind leaf parts 
and beet top section that are unintentionally is called top tare. When the beet is 
topped at too low a level (overtopped), the relative mass of the unintentionally 
removed beet section is called topping loss. Top tare and topping loss are expressed 
in percent of the total clean beet mass. 
As a rule of thumb, the topping loss is 7 to 9% and 15 to 20% for topping 1 and 2 
cm too deep, respectively (Steenhuis, 1990). These topping loss figures are higher 
for small beet than for large beet (Heller, 1960). 

10 
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Topping quality 

untapped, petioles > 2 cm 
untapped 
undertopped 
correctly topped 
overtopped 
topped at an angle 

Fractured surface Average dug 
diameter class (mm) losses (%) 

60 to 80 24 

40 to 60 11 

20 to 40 4 

0to20 0 

Figure 2.1. Classification system for topping quality and estimation of the average dug losses by 
measurement of the fractured surface diameter, as recommended by the IIRB (After Brinkmann, 
1986b). 

The top tare of an untopped beet without leaf parts is estimated to be about 13.5% 
on clean beet mass basis (Anon., 1984c; Steenhuis, 1990). In practice, the top tare 
varies between 3 and 8% (Van Der Linden, 1990). 

Surface losses 
The surface losses are defined as the total mass of whole beet and of beet 
fragments, other than beet tops and beet tips, left on and in the soil after harvesting, 
expressed in percent of the clean beet yield. Surface losses are beet losses that occur 
due to unintentional uprooting of beet during topping, due to missing of beet by the 
lifters and due to spilling of beet and beet fragments during cleaning, internal 
transport and unloading. According to the IIRB guidelines, the surface losses are 
determined by gathering all beet and beet fragments that have a diameter of 4.5 cm 
or more. The beet and beet fragments are to be gathered after two tillage operations 
with a cultivator to a depth of 15 to 20 cm, from an area, numerically equal to 50 
times the working width of the harvester (per replication) and in four replications. 
In practice, surface losses are usually low: < 1% of the clean beet yield (Brinkmann, 
1986b). 

Root breakage 
Root breakage develops during the uprooting phase. Uprooting devices apply a 
combination of vertical and horizontal forces to the upper parts of the root. As the 

11 
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beet is strongly anchored into the soil by an extensive network of rootlets, the 
applied uprooting forces are resisted by a soil reaction. Consequently, combined 
bending and direct stresses are set up in the root (Von Hiilst et ah, 1957; Miller, 
1982) and root breakage occurs whenever the set up stress exceeds the strength of 
the root material. Usually the beet fractures at some point at the lower end of the 
beet root. The part of the beet root above the fractured surface is harvested and the 
part below the fractured surface is lost because it is left behind in the ground. For 
ease of discussion, the lower, broken off part of the beet is called the beet tip. The 
losses associated with root breakage are called dug losses and are defined as the 
total mass of the beet tips, expressed in percent of the clean beet yield. 

According to the IIRB guidelines, the mean dug loss for a beet lot is estimated via 
the diameter of the fractured surface (Figure 2.1). Each beet out of a sample of 
1,000 is to be assigned to one of the following fractured surface diameter classes: 
< 2, 2 to 4, 4 to 6 and 6 to 8 cm. The average dug losses for each fractured surface 
diameter class is determined in advance by weighing the beet tip sections of 500 
intact beet, produced by cutting off the tip at diameters of 2, 4, 6 and 8 cm. The 
figures of dug losses presented in Figure 2.1 are an example of the results of this 
preparatory work. The mean dug loss for the beet lot is estimated from the mean 
dug losses per class and the relative number of beet assigned per class (Brinkmann, 
1986a). 
A fractured surface diameter of 2 cm is considered the minimum feasible. 
Therefore, losses associated with surface diameters < 2 cm are considered 
unavoidable and, therefore, are not accounted for in the dug losses (Brinkmann, 
1986a). These losses may amount 1 to 1.5% of the clean beet yield. Efforts to avoid 
these losses during uprooting are also of little use because the fragile tips would 
break off anyway during later harvesting phases or during transportation to the 
factory. 

When the dug loss is considered for a single beet, both the fractured surface 
diameter and the beet mass have a strong effect on the dug loss (Heller, 1960). Also 
the beet shape may affect the dug loss at a specific fractured surface diameter. 
Moreover, the use of fractured surface classes is not useful. During the research 
described in this thesis, the dug loss was to be determined from samples containing 
significantly less than 1,000 beet. Therefore, the accuracy of the dug loss estimation 
was increased by adopting a continuous method and by accounting for the 
combined effect of fractured surface diameter, beet mass and beet shape on the dug 
loss. A detailed description of the dug loss estimation method used is presented in 
Section 4.1. 
Recently, during the harvesting demonstration at Watervliet, Belgium in 1999, a 
different approach to report the dug losses was adopted. Losses were reported as the 
loss in t ha" . The dug losses were determined by associating the fractured surface 
diameter class with a fixed loss in gram per beet tip (Table 2.1). 
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Table 2.1. Dug losses, per fractured surface diameter class, expressed in gram per beet tip (Van 
Per Linden & Vandergeten, 1999). 

Fractured surface diameter 
(cm) 

0-2 

2-4 

4-6 

6-8 

>8 

(g 
Dug loss 
per beet tip) 

0 

23 

60 

130 

230 

Soil tare 
All non-beet material present in beet lots, including soil adhering to the beet, loose 
soil and stones is called tare soil. The IIRB recommends that the amount of tare soil 
be reported but does not provide guidelines on assessment methods and size of 
samples for the determination of the amount of tare soil. Usually the amount of tare 
soil is determined by measuring the weight loss of a sample by thorough cleaning. 
In the Netherlands, the amount of tare soil is usually expressed as gross soil tare, 
i.e. the mass of the tare soil relative to the total mass of the beet lot, including the 
tare soil, in percent. In this thesis soil tare is expressed as net soil tare, relative to 
the total mass of the clean, topped beet. Advantages of using net soil tare are: 

- This parameter is proportional to the amount of tare soil in a beet lot; 
- The logarithm of the net soil tare is approximately normally distributed 

(Fauchere, 1989), which eases statistical analysis of results. 

For machine testing during harvesting demonstrations, the necessary number and 
size of samples is determined by the many sources of soil tare variation on the test 
field, such as the variable machine adjustment and local differences in the 
harvesting conditions. Currently, 20 samples of 25 kg each are usually taken per 
harvest (Van Der Linden, pers. comm.), such as at the harvesting demonstration in 
Selingenstadt (Kromer et al, 2001). 
The adhering-soil tare of individual beet under comparable harvesting conditions 
depends mainly on beet weight and beet shape. Therefore, a sample of a beet lot for 
adhering-soil tare determination should contain enough beet to represent the mean 
weight and shape of the beet. If a small sample size is used, it is advisable to 
increase the accuracy by correcting for weight and shape of the beet in the sample, 
using a relationship between soil tare and the weight and shape of the beet. This 
method was adopted in the research described in this thesis. A detailed description 
of the adhering-soil tare measuring method is given in Section 4.1. 
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Superficial damage 
During the harvesting process, sugar beet are subject to many mechanical impacts, 
which may cause cutting or bruising of the beet skin. Superficial damage causes 
increased sugar loss during storage, because of leak of beet juice, and increased 
respiration due to callus formation (Von Hulst et al, 1957). 
At harvesting demonstrations, the usual way to quantify superficial damage is by 
means of estimation of the total area of bruised skin of 1,000 sugar beet. The size of 
a bruised area is estimated by multiplying the measured maximum length and 
maximum width of bruised areas. Superficial damage is expressed as the total 
bruised skin area in cm per 100 beet. In the research described in this thesis, 
superficial damage was assessed as described here before, but expressed in cm per 
beet. 

2.2 Quality of uprooting 

For correct assessment of the quality of uprooting, the uprooting devices should be 
operated in a stand-alone configuration, without any subsequent cleaning devices. 
Assessments should also be performed immediately after uprooting to avoid effects 
of drying or other moisture transport in the soil adhering to the beet. Only quality 
characteristics that could change during uprooting need to be considered. As the 
uprooting operation is not expected to change the topping quality, this characteristic 
does not need to be considered. In the research described in this thesis, surface 
losses did not occur and were not reported, therefore. However, crown fracture 
occurred during some treatments involving the extraction of beet. As crown fracture 
would lead to surface losses, this characteristic of quality was considered. Root 
breakage, soil tare and superficial damage may be affected by the uprooting process 
and need to be considered as characteristics of the quality of uprooting, therefore. 

The fact that uprooting is followed by a cleaning operation also needs 
consideration. Obviously, very low soil tare directly after uprooting would be 
attractive because this would render cleaning redundant. However, at higher soil 
tare, it seems equally important that the soil around the beet is in such a (friable or 
loose) state that the subsequent cleaning operation will be successful. Therefore, a 
distinction is made between soil adhering to the beet surface and loose soil in 
various German investigations (Ditges, 1990). In this thesis, a new characteristic of 
the uprooting quality was introduced: the soil adherence. This characteristic should 
indicate the magnitude of the stresses that cause the soil particles to stick together 
and stick to the surface of the beet or to the rootlets. As soil adherence is a new, 
not-easy-to-grasp phenomenon in soil tare research, this characteristic of quality is 
not treated in this chapter. Instead, possible ways to define and measure soil 
adherence are discussed in Section 4.1. 
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Factors affecting the quality of harvesting and of uprooting 

Both the quality of harvesting and the quality of uprooting depend on the 
characteristics of the beet, of the beet population, of the soil, and of the technique 
applied (Kromer et al, 1990). Effects reported in the literature, interactions of 
effects, and possibilities to reduce soil tare are discussed in this chapter. 

3.1 Characteristics of the beet 

The characteristics of the beet at harvest time, that are reported to affect the quality 
of harvesting and of uprooting, are the mass (or volume), the shape, the roughness 
of the surface, and the root system. These characteristics may be influenced by 
several agronomic measures. 

Beet mass 
The adhering-soil tare (% w/w, net), being defined as the ratio of the mass of the 
soil adhering to the beet, relative to the mass of the clean beet, decreases with 
increasing beet mass (Fritzsch et al, 1976, 1977; Wevers, 1980; Bouma & Cappon, 
1988). This phenomenon is attributed to the fact that the potential amount of soil 
adhering to a beet is thought to be proportional to the underground surface of the 
beet. As the ratio of the total surface area to the mass (or volume) of a beet 
decreases with increased mass of the beet, also the ratio of the underground beet 
surface and the mass of the beet decreases with increased mass of the beet, 
assuming that the underground fraction of the total beet surface is relatively 
constant. Therefore, also the net adhering-soil tare decreases with increased beet 
mass. In the experiments described in this thesis, the specific soil-beet contact area, 
Ss, defined as the ratio of the underground beet surface and the clean beet mass, was 
adopted as a beet characteristic instead of the beet mass because the adhering-soil 
tare is expected to be linearly related with Ss. 
Low soil tare may occur when the underground fraction of the total beet is lower 
than usual, i.e. when a major part of the beet root grows above the ground. This 
feature prevails in some fodder beet varieties. 

The mean beet mass can be influenced by the population density (Kromwijk, 1972; 
Marlander, 1989); i.e. the mean beet mass decreases at increased density. Therefore, 
low population density would be a means to reduce soil tare. However, population 
density also affects other factors like the fresh yield and the sugar content. Based on 
multiple criteria, the recommendation for population density is fixed on 74,000 
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plants per hectare on clay soil in the Netherlands. (Van Der Linden, 2001). The 
mean beet mass is also affected by the developmental stage of the beet at 
harvesting. The seasonal growth characteristic of sugar beet (Jorritsma, 1985) 
indicates that the beet mass may increase 10 to 15% during the harvesting period in 
the Netherlands. Late harvesting may be favourable to reduce soil tare, therefore. 
However, late harvesting usually coincides with high soil wetness, which has an 
opposite effect on soil tare. No information was found on the combined effect of 
high beet mass and high soil wetness, due to late harvesting, on soil tare. 

Beet shape and roughness of the beet surface 
To a certain extent, the general shape and the surface roughness of the skin are 
reported to be variety-bound characteristics. An adhering-soil tare, 15 to 46% lower 
than in commercial varieties, has been obtained in specially-bred beet, having a 
spherical shape and a smooth surface (Westerdijk, 1989). The effects of the 
spherical shape and the smooth surface on adhering-soil tare could not be separated. 
Up till now, the characteristics 'spherical' and 'smooth' could not be introduced as 
stable characteristics in a new sugar beet variety. Moreover, the sugar content of the 
specially-bred spherical beet was too low. Commercially available low-soil-tare 
varieties, that have a relatively regular shape and a relatively smooth surface, also 
have the disadvantage that they generally are low in sugar (Fauchere, 1989). 

Paper pot-planted beet usually have a roundish shape and low soil tare would be 
expected, therefore. While, Smith et al. (1988) observed no difference in soil tare 
between directly-sown beet and beet planted in paper pots, investigations by IRS 
(Anon., 1984b) showed that paper pot-planted beet had about 2.5 times less 
adhering-soil than directly-sown beet. As other factors, such as the usually higher 
beet mass, the frequent occurence of multiple small tails and the possible effect of 
the paper pot substrate in the beet grooves may also have influenced the soil tare of 
paper pot-planted beet, compared with directly-sown beet, evidence of an effect of 
the roundish shape of the beet on soil tare was not obtained (Anon., 1984a; Van Der 
Linden, pers. comm.). 

Fritzsch et al. (1976, 1977) reported that soil tare is higher for fanged than for non-
fanged beet, when uprooted by beet extraction. Beet fanginess may be significantly 
influenced by the soil structure. Effects of tillage and wheel traffic on the soil 
structure and the subsequent beet shape were reported by Gliemeroth (1953), 
Czeratzki (1966), Folkerts et al. (1981) and Merkes & Von Muller (1986). In 
general, a sharp transition from loose to dense soil in the root zone enhances the 
formation of fanged beet. Folkerts et al. (1981) observed a significantly lower soil 
tare and a smaller number of fanged beet in a deeply-loosened sandy loam than in a 
dense soil. Hartmans (1982), Merkes & Von Muller (1986) and Spoor & Miller 
(1989) also observed differences in beet fanginess due to soil structure, but no 
differences in soil tare on beet, harvested with conventional harvesting techniques. 
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Beet fanginess also occurs when the crop is attacked by soil nematodes 
(Gliemeroth, 1953; Jorritsma, 1985). 

The effect of the roughness of the beet skin on a micro-scale on soil tare has not 
been investigated. However, the surface roughness is known to affect the soil-
material adhesion (Chancellor, 1994), and may, therefore, have an effect on soil 
tare. The micro-roughness can be measured with a pen-profilemeter (Salokhe et al., 
1993). 

Winter (1993) classified the irregularity of the beet surface due to the beet grooves 
as roughness on a meso-scale. The meso-roughness was quantified by measuring 
the depth of the beet grooves. Green (1956, 1957) reported that relatively much soil 
adheres to the beet in the neighbourhood of the beet grooves. Explanations for this 
phenomenon are that: 

- The soil in the grooves cannot be reached by most mechanical cleaning devices; 
- The soil in the neighbourhood of the beet grooves is interlaced with many 

rootlets emerging from the grooves; therefore, soil aggregates that would 
normally fall off freely, hang on to the beet through the rootlets. 

Root system 
Rootlets emerging from the beet grow through the soil around the beet and build a 
network, that reinforces the soil. Green (1957) suggested that these rootlets play an 
important role in determining the adhering-soil tare of any given beet. Gemtos 
(1979) suggested that a high rootlet density on the beet surface means that the 
required shear stress to separate the soil, including the rootlets, from the beet 
surface will be much higher than the stress to cause fracture of the soil at some 
distance from the beet surface, with only few rootlets present. Therefore, the soil 
will fracture at some distance from the beet surface and the soil adjacent to the beet 
will be lifted along with the beet. The occurrence of this phenomenon depends also 
on the diameter of the rootlets, the magnitude of the anchoring force of the rootlet 
in the soil, the soil-beet adhesion, the soil cohesion and the depth below the soil 
surface. By assuming that the occurrence of adhering soil is closely related to the 
number of rootlets emerging from the beet surface, Gemtos (1979) was able to 
explain some of the extreme differences in adhering-soil tare that he observed in his 
experiments: 

- The adhering-soil tare in an experiment in Greece under dry growing conditions 
was only 1 to 3% (w/w, net). The rootlets were concentrated near the lower end 
of the beet. The rootlets broke off the beet together with the beet tip and, thus, a 
little amount of soil was lifted with the beet; 

- In an experiment in England, performed after wet growing conditions, the 
rootlets were distributed equally over the length of the beet, and the resulting 
adhering-soil tare was about 100%. 
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In an experiment of Von Hiilst et al. (1957) beet were extracted with and without 
removing the top soil till about half the beet depth. The force to extract the beet 
appeared to be mainly needed to extract the lower part of the beet, indicating that 
most of the rootlets must have been on the lower part of the beet. These results 
were observed under harvesting conditions that resulted in very low soil tare. 
A possibility to influence the morphology of the root system was reported by 
Gliemeroth (1953). He reported that the morphology of the root system of beet is 
affected by the distribution of nutrients in the soil. 

Mechanical characteristics of the beet material 
The mechanical characteristics of the beet are likely to affect the sensitivity of beet 
to fracture and to superficial damage. The mechanical characteristics of the beet 
show a large variation, partly due to the fact that the inner parts have less strength 
than the outer parts (Gemtos, 1979; Miller, 1982). Reported values vary for the 
tensile strength from 600 to 2,800 kPa (Gemtos, 1979; Miller, 1982, 1984), for the 
shear strength from 300 to 1,480 kPa (Vukov, 1972; Gemtos, 1979; Alizadeh, 1985; 
Smed, 1998), and for Young's modulus from 6,400 to 14,000 kPa (Miller, 1982; 
Gemtos, 1979; Bieluga & Bzowska-Bakalarz, 1980; Alizadeh, 1985; Vukov, 1977). 
Alizadeh (1985) reported that Poisson's ratio for sugar beet tissue is 0.39. Smed 
(1998) reported that the shear strength of the lower end of the beet differed between 
varieties (range of 595 to 736 kPa) and that dug losses decreased with increasing 
shear strength. According to Draht et al. (1984), the use of nitrogen fertilizer has a 
negative effect on the strength of beet material. No information was found on direct 
effects of the mechanical characteristics of beet on superficial beet damage. 

3.2 Characteristics of the beet population 

The characteristics of the beet population that are reported to affect the quality of 
harvesting and of uprooting are the population density and the deviance of beet 
positions from the centre of the crop row. The effect of the population density on 
the average beet mass and, consequently, on soil tare have been discussed in 
Section 3.1. Beet positioned eccentric of the crop row may not be guided in 
between lifter parts that operate on either side of the crop row. They may be cut up 
or pulverised by colliding with the lifter parts. These beet are lost. Heller (1960) 
and Voesten (1993) determined in a practical situation the frequency distribution of 
the deviance of beet centre locations from the straight row centre line (Table 3.1). 
Deviances, up to 4 cm to either side of the row centre line, occurred frequently. If 
large deviances occur frequently, beet loss can be avoided by enlarging the distance 
between the lifter parts. However, in this case more soil is taken up by the lifter and 
the soil tare may increase. To a certain extent, this effect can be avoided by the use 
of self-aligning shares or automatic steering. Jakob (1983) suggested that a 
maximum deviation of 5 cm would be a suitable starting point for the development 
of an automatic steering system. 
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Table 3.1. Frequency distribution (%) of the deviance of beet centre locations from the straight 
row centre line. 

Source 

Heller (1960) 

Voesten(1993) 

Deviance class (cm) 

<0.5 

44 

21 

0.5-1.0 

27 

24 

1.0-2.0 

22 

29 

2.0-3.0 

5 

19 

3.0-4.0 

2 

6 

>4.0 

0 

1 

3.3 Characteristics of the soil 

The characteristics of the soil that are reported to affect the quality of harvesting 
and of uprooting are the soil texture, and various parameters and subjective 
indicators to specify the wetness of the soil, the soil structure and the mechanical 
behaviour of the soil. Most of the characteristics of the soil are the same during 
crop growth and at harvest time. Therefore, some characteristics of the soil, such as 
stratification, have a compound effect on the quality of harvesting and of uprooting: 
indirectly through the effect on beet characteristics, and directly due to the 
behaviour of the soil during harvesting. The effect of the soil on the characteristics 
of the beet, and the subsequent effect on the quality of harvesting and of uprooting 
have been discussed in Section 3.1. This section focusses on the reported direct 
effect of characteristics of the soil on the quality of harvesting and of uprooting. 
The available reports mainly bear reference to the effect on soil tare. 

Maggs (1955) observed that soil tare was higher on heavy clay than on sandy loam, 
and that soil tare generally increases when the soil moisture content increases 
(Figure 3.1). Only in a narrow range of very high moisture contents of sandy loam, 
soil tare decreased with increasing moisture content. He reported that the observed 
soil tare correlated very well with the force needed to separate a steel plate from the 
soil at the time of harvest, measured with a so-called adhesion meter. This 
experiment suggests that the soil tare on a given soil type can be explained by a 
single empirical soil parameter, indicated here as Maggs' adhesion. However, 
Green (1957) stated that "Although it has been shown that the drier the dirt tare 
{soil tare, author), the more easily it can be removed from the beet by mechanical 
agitation, the adhesion theory as an explanation of the processes involved has not 
proved to be entirely satisfactory". 

Gohlich & Hingst (1960) reported that the soil tare increases with increasing soil 
moisture content. Their experiment with three lifter designs was performed on 
artificially-irrigated soil, ranging from moist tot dry. 
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Figure 3.1. Maggs' adhesion, and adhering-soil tare of conventionally-harvested beet as a function 
of soil moisture content. Reconstructed from data of Maggs (1955). 

Fritzsch et al. (1976, 1977) reported soil tare data for a wide range of soil moisture 
conditions, immediately after two beet extraction treatments: one with a straight up 
extraction path and one with a spiral extraction path. With increasing moisture 
content, the soil tare decreased at very low moisture contents, increased at medium 
moisture contents and decreased at very high moisture contents (Figure 3.2). The 
effect at very low moisture contents is the opposite of the effect observed by Maggs 
(1955) and Gohlich & Hingst (1960). This discrepancy might be explained by the 
fact that Fritzsch et al. (1976, 1977) extracted the beet, while conventional 
harvesting technique was used in the other experiments. 

Wevers (1980) and Duval (1988) reported data of soil tare after harvest for various 
soils and various moisture conditions, obtained by measurements in practice using 
conventional harvesting systems (Table 3.2 and Figure 3.3). The soil tare increases 
with an increasing content of fine particles of the soil and, for a wide soil moisture 
condition range, also with an increasing soil wetness. Only for sandy soil (less than 
10% soil particles < 16 um), Wevers (1980) reported somewhat lower soil tare 
figures for wet than for dry soil. The figures of Duval (1988) indicate that the soil 
tare is more variable under wet than under dry conditions. The soil tare decreases 
with an increasing content of lime in the soil (Duval, 1988). Visual assessment of 
the crumbling properties of heavy soils revealed that the soil tare is lower for easy 
to crumble soil than for moderately easy or hard to crumble soil (Wevers, 1980). 
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Figure 3.2. Adhering-soil tare directly after uprooting at various soil moisture contents, for beet 
extraction with a straight-up path and with a spiral path, observed in two experiments (1974 and 
1975) on a similar, heavy soil (Fritzsch et ai, 1976). 

Wayman & Maughan (1966) reported that the soil tare after harvest on heavy soil 
was not affected by wheel traffic under dry conditions, but was somewhat higher 
when wheel traffic occurred on wet soil, compared with no wheel traffic. Ditges 
(1990) measured the soil tare directly after lifting, with and without previous wheel 
traffic on a silty loam soil. In this case, wheel traffic shortly before lifting resulted 
in higher soil tare for some of the various lifters tested, but only in case of traffic on 
wet soil. Apparently, the change in characteristics of heavy soils due to deformation 
in a wet condition induces high soil tare. 

Table 3.2. Soil tare (% w/w, net) after conventional harvest for soil varying in condition and in 
content of particles < 16 urn (Wevers, 1980). 
Visual examination of the soil 
condition 

Dry 

Sticky and/or wet 

Easy to crumble 

Difficult to crumble 

Soil particles < 

<10 

5.3 

4.0 

16 urn 

<20 

5.9 

14.8 

% w/w, d.b.) 

20-40 

9.1 

17.9 

13.3 

24.1 

>40 

13.3 

24.4 

16.6 

26.6 
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Figure 3.3. Soil tare range (% w/w, net) at various soil moisture contents (% w/w, d.b.) for four 
groups of non-calcareous soils, differing in clay content (% w/w, d.b.) (Duval, 1988). 

3.4 Harvesting technique 

The development of harvesting techniques and improvement of their performance, 
including the quality of harvesting and of uprooting, has a history of about 140 
years. The typical, modern harvesting system described in Chapter 1 is the result of 
these developments. To put the current systems, and the quality of harvesting, in 
historical perspective, the development of the mechanisation of the sugar beet 
harvest is summarised in Subsection 3.4.1. The effects of the technique on the 
quality of harvesting is reviewed for each harvesting phase in Subsections 3.4.2 
through 3.4.5. The eventual harvesting quality of a complete harvesting system is 
the accumulated result of the qualities obtained in each phase. The quality of 
harvesting of complete harvesting systems is reviewed in Subsection 3.4.6. 
Throughout Section 3.4, the focus is on the quality of the uprooting process. 

3.4.1 Development of mechanised beet harvesting 
The development of the mechanisation of the sugar beet harvest has been 
extensively reviewed by Karwowski (1974), Strooker (1982) and Ditges (1990). A 
brief summary of the developments, focussed on uprooting devices, is described 
hereafter. 
Traditionally, sugar beet were uprooted by pulling the beet out of the soil by the 
leaves, assisted by the jacking movement of a narrow spade (beet spade) or fork 
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inserted into the soil next to the beet. In the initial period, from 1860 till about 
1900, several tools were developed to loosen the soil around the beet, to ease the 
manual labour of pulling the beet out of the soil by the leaves. In the period from 
1900 till about 1925, the tools gradually developed towards two rising and 
converging rods or blades, often called shares, that could lift the beet fully out of 
the soil. In this period it was also tried to use rotary devices to uproot the beet, 
either by trapping them between two converging wheels, or by grabbing them with 
grabs on the outside of a drum. 
When it became possible to lift the beet fully out of the soil, topping before 
mechanical uprooting became more or less standard practice. From 1925 onwards, 
many different shares and rotary devices were tried in order to optimise the 
performance of uprooting. Karwowski (1974) and Ditges (1990) reviewed the main 
types of lifters used (Figure 3.4). The forked share, lifting blade and polder share 
may be fixed or driven. Driven shares, or blades, may be of the vibrating or walking 
type. Vibrating shares, or blades, vibrate in horizontal or vertical direction or have a 
prescribed, cyclic movement in a vertical plane parallel to the direction of the 
forward machine movement. In walking shares or lifting blades, the left part and 
the right part of the share or blade make the same movement as the vibrating type of 
lifter, but have a mutual phase difference of half a cycle. The lifting disc and the 
wheels of the lifting wheel digger may also be driven. Compared with the fixed 
lifters, the driven lifters exhibit less congestion, an uprooting motion with less 
interruptions under moist conditions (Bouma & Cappon, 1988), and better 
crumbling of the soil around the beet under dry conditions (Ditges, 1990). 

In addition to the development of shares, blades and wheel type lifters, also other 
uprooting tools were developed. Some of the most interesting designs were: 

- Combinations of a share for initial uprooting and a rotary device to grab and 
further lift the beet; 

- The driven rotary-shoe lifter, being a rotating device by which the beet are first 
kicked loose, then grabbed and finally lifted (Figure 3.5); 

- Inclined, contrarotating rollers with a helical outer (transport) profile that 
combine soil loosening and initial lifting by the soil-engaged front of the rollers 
and further upward transport of the beet by the remaining part of the rollers 
(Bouma et al, 1983); 

- The lifting belt, consisting of two inclined belts between which the leaves are 
clamped and by which the beet are pulled out of the soil as the belts proceed. 

A hand tool to uproot topped beet, called beet pliers (Figure 3.6), was developed in 
the Netherlands. The uprooting procedure included grabbing the above-ground top 
of the beet by the pliers, rotating the beet, usually clockwise, by turning the handles 
of the pliers to loosen the beet and, finally, pulling the beet out of the ground. Beet 
pliers were used to a great extent to uproot topped beet, both in whole fields and, in 
field corners that could not be reached by tractor-drawn lifters. 
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Through the development of combining all harvesting phases in one operation 
around 1980, a smooth (uninterrupted) transition of the beet from the uprooting 
device to the subsequent device for transport or cleaning became a new, important 
aspect of the performance of uprooting devices (Ditges, 1990). Currently, most beet 
in the Netherlands are harvested by contractors, with self-propelled complete beet 
harvesters. To operate these machines in a cost-effective manner, their capacity 

Forked share 

Lifting blade 

Polder share 

Lifting disc 

Lifting wheel digger 
(Oppel wheel lifter) 

Sideview Topview 

Figure 3.4. Main types of lifters used (Karwowski, 1974; Ditges, 1990). Dimensions in mm. 
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Factors affecting the quality 

Figure 3.5. Driven rotary-shoe lifter. Figure 3.6. Beet pliers (Anon., 1958). 

should be high, they must be suitable to operate on a broad range of soil types and 
soil conditions and they must be mechanically reliable. Therefore, the uprooting 
devices, used in these harvesters, should also comply with these performance 
requirements, in addition to the requirement of a satisfactory quality of uprooting. 
Currently, the most widely-used share type in practice is the polder share. 
Apparently, this share type complies best with the various performance 
requirements mentioned. The renewed interest in improving the harvesting quality 
aspect of machinery performance justifies research aimed at improvement of the 
uprooting quality of beet lifters, as described in this thesis. However, it should be 
realised that all performance requirements should be met when introducing newly 
developed uprooting techniques in practice. 

3.4.2 Leaf stripping, crown cleaning and topping 
It is generally assumed that the method of leaf stripping and of topping, influences 
only the topping quality and not the quality of the subsequent uprooting process. 
However, Bouma & Cappon (1988) and Fritzsch et al. (1976, 1977) reported that 
intentional knocking at the sides, or on top of the beet, in between topping and 
uprooting can have a decreasing effect on soil tare. This effect occurred when the 
beet were uprooted by extraction, and did not occur when the beet were uprooted by 
a conventional lifter (Bouma & Cappon, 1988; Van Der Linden, 1990). Therefore, 
methods of leaf stripping and of topping that differ in the amount of mechanical 
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