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ABSTRACT 

The mechanized sugarcane harvesting process is considered one of the major economic 
bottlenecks, with low operational efficiency and, mainly, high losses of stalks left in the 
field. In order to minimize these problems and assist in the improvement of processes, this 
study aimed to evaluate the losses in the mechanized sugarcane harvesting using statistical 
process control. The experimental design was completely randomized, based on the 
methodology of statistical process control with samples collected on five work fronts 
during the daytime and nighttime operation. The experiment was carried out in an 
agricultural area of a sugarcane mill in the municipality of Ribeirão Preto, SP, Brazil, on 
five sugarcane harvest fronts. Losses were measured using a 3.0 × 3.33-m frame, being 
divided into stump, loose piece + fixed piece, whole sugarcane, fragment, and total losses 
for each harvest front. The data were grouped into 50 weeks over the sugarcane-growing 
season, and statistical analyses were performed using the Minitab 16® software. Losses of 
loose piece + fixed piece were higher than the losses of stump, whole sugarcane, and 
fragment. The total losses showed higher and lower losses for the fronts F5 and F4, 
respectively, compared to the others. 

 
 
INTRODUCTION 

Among the sugarcane agricultural activities is the 
mechanized harvesting process, which involves the 
cutting, loading, and transportation and are considered of 
greatest economic importance. According to Oliveira et al. 
(2012), these operations represent about 30% of the 
agricultural production costs. Mechanized sugarcane 
harvesting presents some inconveniences, such as an 
increase in the amounts of foreign materials in the         
raw material, leading to a reduction in the quality of       
the harvested product, in addition to the stalks and 
fragments left in the field, characterized as losses resulting 
from the harvest. 

Silva & Garcia (2009) reported that the main 
factors related to harvest losses are the crop variety, 
management practices, soil and area preparation, harvester 
maintenance, operator skill, crop size, among others. Thus, 
the levels of losses may increase greatly if these factors are 
not properly monitored. 

Companies of the sugar-energy sector have 
monitored the losses resulting from the mechanized 
sugarcane harvesting through field surveys, which allow 
calculating the arithmetic means of the quantified values. 
However, the analysis and identification of factors that aim 
to propose measures to reduce the level of losses are not 
always carried out. The combination of quantitative 
surveys and adequate tools for analyzing the monitoring of 
losses allows the detection of changes in the quality 
standards determined for the process and hence a faster 
resolution for the limiting factors (Silva et al., 2008). 

In this sense, some authors have used statistical 
process control tools, such as individual value and moving 
average control charts, to identify the special causes that 
lead to instability, increasing the process variability 
(Voltarelli et al., 2015; Reis et al., 2015; Santana et al., 
2015; Cassia et al., 2014, Voltarelli et al., 2015, 
Suryawanshi et al., 2013, Shin et al., 2012; Noronha et al., 
2011). In all these studies, the statistical process control 
was effective in quantifying and monitoring the 
mechanized agricultural processes, which can show the 
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improvements that can be applied to the mechanized 
sugarcane harvesting, aiming at reducing the number of 
stalks left in the field. 

Considering that the losses in the mechanized 
sugarcane harvesting present a high variability 
throughout the growing season in all harvest fronts, this 
study aimed to monitor these losses through the statistical 
process control. 
 
MATERIAL AND METHODS 

This study was carried out in an agricultural area of 
a sugarcane mill located in the region of Ribeirão Preto, 
SP, Brazil. The agricultural areas of this industrial unit 
present have a predominance of soils with flat and slightly 

wavy topography, with medium to clay textures. The 
regional climate is Cwa (humid subtropical), according to 
the Köppen classification. 

The loss data of the entire 2012/13 growing season 
were used in this study, which was carried out from April 
to December 2012. The logistical division of harvesting 
machines was named work fronts. Each front consisted of 
a mean of eight harvesters, totaling 40 harvesters, and 
several tractor-wagon sets. Table 1 shows the model, year 
of manufacture, presence of the automatic base cutter 
system (auto tracker), and the mean gross effective 
harvesting capacity per harvester in the five fronts. The 
overall mean working speed of these harvesters for the 
fronts F1, F2, F3, F4, and F5 was approximately 5.0, 4.9, 
5.2, 5.1, and 5.0 km h−1, respectively. 

 
TABELA 1. Information of the harvesters used in the work fronts. 

Front Model Year of manufacture1 Auto tracker2 Production/Harvester3 Machine operator experience4 

F1 A-8800 2009/2010 Present 44.54 3 years 

F2 A-7700 2007 Present 43.94 3 years 

F3 A-8800 2010/2011 Present 44.98 4 years 

F4 A-7700 2007 Present 45.43 6 years 

F5 A-7700 2007 Absent 42.52 Fill-in employees* 
1F1 and F3 have machines from different years of manufacture. 2Device that automatically controls the height of the base cut. 3Mean harvest 
capacity of harvesters (t h−1), calculated based on the Ripoli (1996) methodology. 4Mean time in years of experience of harvester operators. 
*Fill-in employees: they are not harvester operators, but act as such to replace another person. 
 

The experimental design was completely 
randomized, based on the methodology of statistical 
process control (Montgomery, 2009), with part of the 
samples collected during the night time and the other part 
during the daytime. Ten samples were collected per day 
(five for the daytime shift and five for the nighttime shift), 
totaling 70 sample points in the week. The monitoring 
occurred until the end of the growing season, completing 
50 weeks of evaluation. The harvester chosen for sampling 
losses was defined daily by the Production Unit (harvest 
coordinator), and this monitoring pattern is related to the 
crop management plan. 

The quality indicators of the mechanized sugarcane 
harvesting were determined by the visible losses, which 
were collected using a frame with a sample area of 10 m2 
(3.00 × 3.33 m). Subsequently, the samples were 
separated, weighed, and quantified according to Silva et al. 
(2008) and adapted by the Production Unit, which 
classified the visible losses into stump (sugarcane fixed to 
the ground, with a length from 3 to 15 cm), fixed piece 
(sugarcane piece fixed to the ground, longer than 16 cm 
and shorter than half the sugarcane size) + loose piece 
(sugarcane piece loose on the soil, not exceeding more 
than 50% of the stem size), fragment (sugarcane piece 
lower than or equal to 1/3 the diameter of the billet, 
resulting from the impact with the exhaust fan propellers, 
whole sugarcane (sugarcane not collected by the harvester, 
fixed or not to the ground, longer than half the size of the 
stalk being harvested, and total losses (the sum of all 
losses previously described). 

The collection and quantification of the types of 
losses in the mechanized sugarcane harvesting were 
carried out by quality audit teams with two members each 
of the Production Unit (work fronts). The members of all 

teams received training before the data collection to 
minimize experimental variations and maintain the quality 
standard required by the Production Unit. The collections 
to measure losses during the nighttime period were carried 
out before the start of the morning shift to avoid any 
experimental errors, while the collections to represent the 
daytime period were performed after the beginning of the 
morning shift. 

The statistical analyses were performed using 
descriptive statistics to verify the behavior of the data set 
by measures of position (mean and median) and dispersion 
(coefficient of variation) and the coefficients of skewness 
and kurtosis. The Ryan-Joiner test was used to verify the 
normality of data distribution. 

The coefficient of skewness (Cs) indicates the 
deviation of the variable from a central value, 
characterizing how and how much the frequency 
distribution deviates from the symmetry. The Cs>0 
represents a right-skewed distribution, Cs<0 represents a 
left-skewed distribution, and Cs=0 represents a symmetric 
distribution. The coefficient of kurtosis (Ck) measures the 
degree of flatness of a distribution, that is, how flat a 
frequency curve will be relative to a normal reference 
curve. The Ck=0 represents a mesokurtic (normal) 
distribution, Ck<0 represents a platykurtic (flat) 
distribution, and Ck>0 represents a leptokurtic (elongated) 
distribution (Montgomery, 2009). On the other hand, the 
coefficient of variation was determined according to the 
methodology proposed by Pimentel-Gomes & Garcia 
(2002), being classified as low (<10%), medium (11 to 
20%), high (21 to 30%), and very high (>30%). 

The analysis of the statistical process control of 
harvest was carried out using control charts through the 
previously described quality indicators. The control chart 



Statistical process control applied to monitor losses in the mechanized sugarcane harvesting 475
 

 
Engenharia Agrícola, Jaboticabal, v.40, n.4, p.473-480, jul./aug. 2020 

model selected for analysis of this study was the subgroup 
Xbar-S, which generates a control chart for the means of 
subgroups of all harvest fronts (Montgomery, 2009). The 
mean value of ten samples of losses was used for each 
weekday, totaling 70 sample points per week, for the 
elaboration of weekly control charts. 

The control charts used had three lines. The central 
line represents the overall mean, and the other two lines 
represent the upper (UCL) and lower control limits (LCL), 
calculated based on the standard deviation of the variables, 
i.e., for UCL, the mean of the subgroup plus three times 
the standard deviation, and for LIC, the mean of the 
subgroup minus three times the standard deviation, when 
higher than zero. The stable process represents all sample 
points within the upper and lower control limits. The 
process is called unstable if the sampling points are out of 
both control limits and can be explained by the 6 M factors 
(manpower, machinery, materials, methods, measurement, 
and mother-nature), seeking to eliminate the causes 

responsible for this variation (Montgomery, 2009). 
According to Voltarelli et al. (2015), the general 

use of control charts is to detect possible variations 
external to the process, force the operation management by 
creating an improvement plan, and infer the capacity and 
limits established for the process. 
 
RESULTS AND DISCUSSION 

The results of total losses (Table 2) of the fronts F1, 
F2, and F3 were similar, with values between 2.7 and 3.0 t 
ha−1, while the front F4 presented the lowest mean of total 
losses (2.3 t ha−1) and the front F5 showed the highest 
mean of total losses (3.9 t ha−1). These results can be 
directly related to the level of quality performed by each 
machine in each harvest front, being dependent on factors 
related to labor, environment, sampling methods, type of 
measurement, raw material, and the harvester constituents. 

 
TABELA 2. Descriptive statistical analysis for losses in the mechanized sugarcane harvesting per work front. 

 

F1 

Losses Mean Median Coefficient 
CV (%) 

RJ 
p-value 

                           (t ha−1) Cs Ck test 

Stump 
 

0.39 0.32 2.79 14.99 86.04 0.888 <0.010A 
Loose + fixed pieces 
 

1.43 1.27 2.35 8.28 51.73 0.892 <0.010A 
Whole sugarcane 
 

0.10 0.02 3.45 16.83 169.14 0.874 <0.010A 
Fragment 
 

0.18 0.16 1.86 6.08 64.43 0.931 <0.010A 

Total losses 2.72 2.44 2.38 9.59 42.99 0.901 <0.010A 

F2 

Stump 
 

0.46 0.42 1.76 4.32 54.95 0.927 <0.010A 
Loose + fixed pieces 
 

1.23 1.05 1.44 2.09 43.68 0.933 <0.010A 
Whole sugarcane 
 

0.12 0.10 1.13 1.59 99.03 0.985 <0.010A 
Fragment 
 

0.37 0.34 2.68 11.98 55.73 0.886 <0.010A 

Total losses 2.73 2.44 1.29 1.29 29.05 
 

0.938 <0.010A 

F3 

Stump 
 

0.20 0.15 2.50 8.09 100.80 0.877 <0.010A 
Loose + fixed pieces 
 

1.50 1.24 1.92 4.64 59.52 0.907 <0.010A 
Whole sugarcane 
 

0.18 0.11 2.54 9.50 129.16 0.908 <0.010A 
Fragment 
 

0.24 0.23 0.59 0.97 54.07 0.986 <0.010A 

Total losses 2.99 2.69 1.60 3.36 45.44 0.935 <0.010A 

F4 

Stump 
 

0.17 0.13 3.20 20.01 87.06 0.873 <0.010A 
Loose + fixed pieces 
 

1.12 0.95 2.04 6.27 60.64 0.906 <0.010A 
Whole sugarcane 
 

0.14 0.11 2.65 13.49 111.36 0.919 <0.010A 
Fragment 
 

0.21 0.18 1.20 1.74 62.84 0.956 <0.010A 

Total losses 2.29 2.09 2.01 6.97 41.52 
 

0.921 <0.010A 

F5 

Stump 
 

0.69 0.64 1.29 2.54 56.08 0.958 <0.010A 
Loose + fixed pieces 
 

2.14 1.87 1.98 4.86 55.97 0.901 <0.010A 
Whole sugarcane 
 

0.14 0.00 5.65 42.68 260.53 0.751 <0.010A 
Fragment 
 

0.24 0.17 2.74 10.74 79.85 0.858 <0.010A 

Total losses 3.87 3.44 2.30 8.30 43.37 0.893 <0.010A 

F1, F2, F3, F4, and F5: work fronts; Cs: coefficient of skewness; Ck: coefficient of kurtosis; CV: coefficient of variation; RJ: Ryan-Joiner 
normality test. *A: non-normal distribution; N: normal distribution. 
 

The type of loss fixed and loose pieces was 
predominant because this modality has the longest stalk 
segments, thus representing the highest amount in the total 
lost mass, which can be explained by the absence of the 
automatic base cutter system. Voltarelli et al. (2015) 

studied loose piece losses in the mechanized sugarcane 
harvest and found values of approximately 0.140 t ha−1, 
which is different from the mean values found in the 
present study. 

According to Silva et al. (2008), these losses 
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usually occur in uneven terrains, with increased working 
speed, loss of machine control by the operator, deviating it 
from the row to be harvested, or changing the cutting 
height during the process, especially when working 
without the use of the auto tracker device. Harvesters have 
this automatic device, but its operation can be interrupted 
during the harvest process due to damages. 

The descriptive statistics indicated that, in general, 
the studied losses had mean results close to the medians, 
but with higher values, represented by the positive 
coefficient of skewness. On the other hand, the coefficient 
of kurtosis showed leptokurtic curves, i.e., thinner than the 
normal curve, with extreme values and above the sample 
mean. All coefficients of variation were higher than 30%, 
i.e., they are extremely high for all types of losses in the 
five harvest fronts, except for the results of the total loss of 
the front F2 (CV = 29.05%), reflecting in high variability 
of the data set as a function of the surveys carried out 
during the growing season. Similarly, Silva et al. (2008) 
reported high variability in the loss sampling in 
mechanized sugarcane harvesting. 

The behavior of the measures of central tendency 
and dispersion indicated the non-normality of the data set 

through its probability distribution curves for all types of 
losses and harvest fronts, which was evidenced by the 
Ryan-Joiner test, with high values and distant from zero. 
Voltarelli et al. (2015) monitored losses in the mechanized 
sugarcane harvesting using individual value, moving 
average, and exponentially weighted moving average 
control charts and reported that the normality of the data 
set, although desirable, is not essential for the application 
of statistical process control techniques and decision 
making during the process, once the process analyst has 
full knowledge of them and knows how to extract 
information necessary to improve the operation quality. 

The type of loss stump showed process instability 
for the work fronts F1, F3, and F5 (Figure 1), 
demonstrated by the occurrence of subgroup means above 
the upper control limit. The fronts F2 and F4 showed less 
variability in the subgroup means, with a smaller interval 
between the upper and lower control limits. Stump losses 
(stalks left in the soil attached to the root with up to 15 
cm) are one of the main losses of sugar and/or ethanol in 
the industrial production, as the stalks left in the field 
have the highest sucrose concentration in the plant (Salvi 
et al., 2007). 

 

 

FIGURA 1. Xbar-S control chart for the type of loss stump considering the fronts F1, F2, F3, F4, and F5. 
 

Points above the upper control limit during the 
beginning/middle of the growing season (fronts F3 and F5) 
can be attributed to the terrain unevenness, inefficient 
control of the base cut height, and incidence of stones in 
the harvested areas, which affect the cutting height. 
According to Salvi et al. (2007), the probable causes for 
the type of loss stump would be the non-operation of the 
floating box for base cutting, areas with stones, terrain 
leveling, and size of the sugarcane field, situations similar 
to what occurred for the present study. The high            
data variability in the front F5 can also be related to the little  

experience of operators and the lack of automatic control 
of the cutting height, as this front was constituted by the 
youngest operators, which could affect the operation 
quality until the man-machine relationship can be carried 
out effectively. 

The type of loss fixed piece + loose piece (Figure 
2) was out of the control limits of all fronts and mostly 
occur when the stalks were cut in the base inefficiently and 
failed to be directed towards the inside of the harvester by 
the feed roller to be processed. 
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FIGURA 2. Xbar-S control chart for the type of loss fixed piece + loose piece considering the fronts F1, F2, F3, F4, and F5. 
 

This type of loss is usually associated with the 
operator skills, high harvester speeds, uneven terrain, re-
chopping of stalks attached to the ground by the base cutter 
system, and lodged sugarcane plants, which are usually 
found in high-productivity fields or due to the wind action. 

The control chart for the type of loss whole 
sugarcane (Figure 3) showed points that exceed the upper 
control limit in all harvest fronts. It occurred because this 
type of loss results mainly from the factors raw material 

(variety) and environment (wind). In this case, the points 
above the upper control limit occurred in samples from the 
lodged sugarcane field, as the methodology described by 
Ripoli (1996). Losses of whole sugarcane may be related 
to the lodging of sugarcane plants, which is usually related 
to the wind action, variety characteristics, or high 
productivity of the sugarcane field, making the harvester 
lifter roller and the collection mechanism ineffective after 
stalks being cut at the base. 

 

 

FIGURA 3. Xbar-S control chart for type of loss whole sugarcane considering the fronts F1, F2, F3, F4, and F5. 
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Moontree et al. (2012) evaluated losses in the 
mechanized sugarcane harvesting and reported the lowest 
values of whole sugarcane losses under the lowest 
harvester speed and during the correct machine alignment 
on the rows to be harvested, being also influenced by the 
inefficiency of sugarcane collection by the harvester 
platform. Similar results were also observed in some 
moments in the present study during the mechanized 
sugarcane harvesting, which can be evidenced by the 
points above the upper control limit. 

The control charts for the type of loss fragment 
(Figure 4) showed a process considered unstable since 

some points exceeded the control limits in the five harvest 
fronts. Silva et al. (2008) observed similar results for this 
category of loss. The harvest fronts F1 and F3 presented 
points out of the upper control limit in the first three weeks 
of work. However, the process tended to be more 
homogeneous (fewer losses) after the third week, which is 
possibly due to the type of sugarcane field harvested in the 
first weeks, represented by lighter stalks and, 
consequently, lighter billets, which can be sucked and 
fragmented by the vacuum generated by the propellers of 
the primary extractor. 

 

 

FIGURA 4. Xbar-S control chart for type of loss fragment considering the fronts F1, F2, F3, F4, and F5. 
 
Another possible cause would be the speed 

regulation of the primary extractor, which could be above 
the recommended, being later regulated to decrease the loss 
rates for fragments. It illustrates the importance of 
monitoring losses using control charts since more effective 
decisions can be made when a possible abrupt variation or 
even a grouping or trend of loss values is observed, aiming 
at the process stability to achieve lower levels of losses. 
Manhães et al. (2014) evaluated the mechanized sugarcane 
harvesting at different working speeds and reported that the 
type of loss fragment presented no differences due to this 
factor, but their values were close to that found in the 
present study. 

 

The quality indicator total losses in the mechanized 
sugarcane harvesting, which represents the sum of the 
other types of losses, presented a process considered 
unstable for all harvest fronts (Figure 5). The points out of 
the upper control limit occurred during the first harvest 
months for all harvest fronts. Despite being conceptually 
out of control, the mechanized sugarcane harvesting 
process can be considered an operation that can be 
controlled because part of the harvesters was not yet 
totally regulated in these periods, which may be explained 
by the non-compliance with the harvest planning, and the 
operators were still under adaption to the harvesters 
(higher man-machine efficiency during the mechanized 
sugarcane harvesting process). 
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FIGURA 5. Xbar-S control chart for total losses considering the fronts F1, F2, F3, F4, and F5. 
 
The overall mean of the front F5 was 12.87% 

higher than the overall mean of the front F4, which 
registered the lowest loss rate. It suggests the great 
influence of the operator in the loss process since the front 
F5 was composed of operators with less experience. 
However, the harvest fronts had harvesters with different 
years of manufacture and, consequently, the absence 
and/or inefficiency of the automatic base cutter system, 
working speed, oscillation conditions due to the terrain 
micro-relief, sugarcane field size, among others, may have 
reflected in higher losses. 

Voltarelli et al. (2015) monitored losses during the 
mechanized sugarcane harvesting throughout the growing 
season and reported that the mean total losses of the 
operation were approximately 2.0 t ha−1, a situation in 
which the process was also unstable. These results are 
lower than the mean value of losses found in the present 
study, which presented harvest losses of approximately 3.0 
t ha−1, showing a lower quality level during the operation. 
 
CONCLUSIONS 

The total losses showed higher and lower losses for 
the fronts F5 and F4, respectively, than the others. 

Losses of loose and fixed pieces were higher than 
losses such as stump, whole sugarcane, and fragment for 
all work fronts. 

The lowest variability of the mechanized sugarcane 
harvesting process was found for the type of losses stump, 
fixed and loose pieces, and total losses for the harvest  
front F2. 
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