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ABSTRACT

Agricultural subsoilers are used to break the hardpans below the level of the tillage depth. Weight
reduction without compromising safety is one of the primary design objectives of the subsoiler. The
thickness, length of curve, and width of shank are all critical parameters in designing a straight
subsoiler. Identifying the significance of geometrical parameters maximizes structural safety and
minimizes weight. An analysis of the parametric correlation between the output and input
parameters of a straight subsoiler is presented in this paper. Parameter correlation was conducted
to detect the degree to which the output parameters are influenced by the input parameters and the
sensitivity of the input parameters to the output parameters. Analysis was performed using the
Parameter Correlation tool of ANSYS Workbench. Results indicated that the thickness of the shank
and width of the shank influenced the output parameters significantly, whereas the length of the
curve of the inclined subsoiler had no significant influence on the output parameters. The thickness
of shank has the highest relevance with the straight subsoiler mass having a correlation value of
0.78919 and R2 contribution of 0.60063. The width of shank has the highest relevance with total
deformation with a correlation value of -0.77197 and an R2 contribution of 0.59353. Increasing
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thickness and width of shank of the subsoiler leads to an increasing trend in the subsoiler mass,
safety factor, and volume. Increasing thickness and width of shank lead to decreasing trends in total
deformation, equivalent stress, and maximum principal stress. Changes in length of curve of the
straight subsoiler did not lead to any trend in the output parameters. Thus, thickness and width of
shank were designated as the major input parameters while length of curve was designated as the

minor input parameter.

Keywords: Parameters correlation; correlation analysis; solid works; ANSYS; finite element modeling;

straight subsoiler.
1. INTRODUCTION

Agricultural operations such as tilling and
ploughing that continue for an extended period
can severely degrade the soil structure, leading
to a dense plough pan. It negatively affects the
development of root systems in crops and thus
their ability to absorb water and nutrients,
hindering sustainable crop production [1]. Soil
deep tillage, such as subsoiling, enhances the
soil's physical properties, particularly the soil
porosity and distribution, which affects the soll
moisture, nutrients, porosity, and temperature,
increasing crop productivity [2,3]. A subsoiler
usually carries subsoiling to disrupt hardpans
and provide pathways for water and roots to
enter the soil [4,5].

Subsoilers are implements installed on tractors
that break up and loosen the soil beneath the
level of normal ploughing [6]. Subsoilers
encounter massive resistance from the soil
throughout their operation since they work
deeper than typical tillage tools [7]. It is essential
that the subsoiler structure can withstand these
forces. Otherwise, it will deform and break during
operation [8]. For structural integrity and weight
reduction, subsoilers must be designed correctly.
There are two main approaches to analyzing
subsoiler designs: theoretical and numerical
approaches [9]. Some engineering problems
can be solved using theoretical methods, but
some problems are too complex or too large to
deal with. As a result, engineers use
numerical methods to calculate approximate
solutions to large-scale and complicated
problems [10].

Finite Element Method (FEM) is a numerical
technique that is widely used in the field of
engineering design as well as manufacturing.
FEM is a mathematical procedure that can be
used to solve a large class of engineering
problems in stress analysis, heat transfer,
electromagnetism, and fluid flow. Correctly
modelled finite element analysis (FEA) is more

reliable, but it requires a lot of computational
power [11].

Subsoilers require several parametric FEA
analyses to achieve the optimal design point
during the design process. In the optimization
process, one of the primary goals is to determine
how the various design parameters of the tillage
tool impact the various forces acting on the tool.
It is imperative to carry out a parametric analysis
study focusing on the different subsoiler
parameters. ANSYS Workbench software offers
a toolbox  named as DesignXplorer.
DesignXplorer offers a parameter correlation
tool, which analyzes the relationship between
pre-defined parameters.

A parameter correlation study is based on a
deterministic model [12]. Unlike probabilistic
models, deterministic models do not allow for
randomness, and one always gets the same
output for a specific input. The quantity and
quality of input data will affect the accuracy of the
parameters correlation study [13]. In a parametric
study, all the input parameters have a differential
effect on the output parameters.

In the present article, the study of parameter
correlation focuses exclusively on geometric
variables. This study performed a parametric
analysis to determine how input parameters
affect the output and evaluate their sensitivity to
the output parameters. Parameters correlation
tool is used to discover parameter sensitivities.
Each input parameter is evaluated according to
its effect on the output [9]. Visual and numerical
representations are also provided.

2. MATERIALS AND METHODS

Measurements were taken on the experimental
subsoiler. The subsoiler was 2odeled in 3D with
SolidWorks software using these measurements.
An FEA model was created by transferring the
model from SolidWorks to the ANSYS
DesignModeler toolbox. ANSYS static structural




analysis system was used to calculate the
subsoiler's output parameters under static
loading conditions. The input and output
parameters of the model were generated from
the structural analysis. Responses were modeled
under steady loading conditions.

The input parameters included thickness of
shank (P1), length of curve (P2), and width of
shank (P3), having values of 25 mm, 120 mm,
and 80 mm, respectively (Fig. 1). Output
parameters included straight subsoiler mass
(P4), total deformation (P5), equivalent stress
(P6), maximum principal stress (P7), safety
factor (P8), and straight subsoiler volume (P9).
The input and output parameters were exported
to a parameters set.

After the parameter set was generated, a
correlation analysis was performed. Correlation,
or correlation analysis, determines the
association between two (or more) quantitative
variables [14]. This analysis was performed using
ANSYS “Parameters Correlation” function. The
result of correlation analysis is the correlation
coefficient. ANSYS supports a wide range of
options, such as choosing the type of correlation,
the number of samples for parameter correlation,
and the size of samples for correlation statistics.

The model geometry was used to generate 100
data points by varying P1, P2 and P3, specified
separately by specifying the upper and lower
bounds. Pearson’s correlation coefficient was
calculated between the input and output
parameters with a sample set size of 40. The
lower and upper bounds assigned for the input
parameters for parametric correlation are:

20mm < Thickness (P1) < 25mm
of shank

110 mm < Length of (P2) =< 130 mm
curve

70mm < Width of (P3) =< 90mm
shank

In addition to the correlation analysis, sensitivity
analysis was also conducted for each input
parameter with the output parameters. In
numerical models, sensitivity analysis determines
whether the uncertainties in one or more input
variables may lead to uncertainties in the output
variables. Analyzing how a model responds to
changes in input variables or how they interact
can improve or diminish the model’s predictions
by analyzing its response qualitatively or
guantitatively [15].
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Fig. 1. Design parameters of Inclined
subsoiler

After performing the sensitivity analysis, linear
and quadratic relationships were determined
between the input and output variables. Simple
linear regression evaluates the relationship
between two normally distributed variables, X &
Y. Linear relationships between Y and X can be
expressed as follows [16]:

Y=aX+c
where,

dependent variable,

independent variable,

intercept, and

coefficient of the independent variable.

Do X<

Quadratic regression evaluates the best fit for a
data set shaped like a parabola. A quadratic
regression model is an extension of simple linear
regression. A quadratic relationship between Y
and X can be expressed as follows [17]:

Y =aX?+bX +c, wherea # 0

where,

Y = dependent variable,
X = independent variable,
c = intercept,

a = coefficient of X?, and
b = coefficient of X

Various combinations of input parameters were
used to fit regression curves to the output
parameters after the correlation and sensitivity
analysis. For each combination, the R? values



were calculated and conclusions drawn.
Combinations of the input parameters for the
analysis are:

I : P1, P2 & P3
Il : P1 & P3
1l : Pl & P2
\Y% : P2 & P3

3. RESULTS AND DISCUSSION

A 7857 N [18] force was applied to the subsoiler
blade while limiting its movement by fixing the
holes Fig. 2. A structural analysis was performed.
Input and output parameters of the structural
analysis were exported to a parameter set for
carrying out the parametric correlation.
Parameter correlation studies typically use two
types of linear correlation: Pearson and
Spearman correlation. Pearson correlation is
also known as linear correlation and has the full
name of Pearson Product Moment Correlation. In
this technique, two numerical data sets
(variables) are related by an equation [19].

[l Fixed Suppo«t.\d \
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In ANSYS, the results of the parameter study are
presented in a correlation matrix. A correlation
matrix shows the correlation between the input
and output parameters. The correlation matrix
explains the linear correlation between each
input and output. Positive values indicate
increasing linearity, while negative values are
interpreted as inversely linear relationships [14].
The correlation matrix of the input and output
parameters of the straight subsoiler is given in
Table 1.

P1 had a significant effect on P4, P6, P7, P8,
and P9, with the correlation coefficients being
0.789, -0.648, -0.624, 0.672, and 0.789,
respectively. P4, P8, and P9 have a positive
correlation with P1. Increasing P1 will increase
P4, P8, and P9. On the other hand, the
relationship of P5, P6, and P7 with Pl is

negative. Increasing P1 will decrease them.
Since P1 significantly affects most output
parameters, it is considered a major

parameter.

Fig. 2. Force and constraints on the straight subsoiler

Table 1. Correlation matrix of the input and output parameters of a straight subsoiler

Name P1 P2 P3 P4 P5 P6 P7 P8 P9

P1 1.000 0.032 0.031 0.789 -0.366  -0.648 -0.624 0.672 0.789
P2 0.032 1.000 0.003 0.046 0.017 -0.069 -0.075 0.083 0.046
P3 0.031 0.003 1.000 0.468 -0.772 -0591 -0.592 0.627 0.468
P4 0.789 0.046 0.468 1.000 -0.410 -0.692 -0.782 0.743 1.000
PS5 -0.366  0.017 -0.772  -0.410 1.000 0.799 0.618 -0.798  -0.410
P6 -0.648 -0.069 -0.591 -0.692 0.799 1.000 0.766 -0.980 -0.692
P7 -0.624 -0.075 -0.592 -0.782 0.618 0.766 1.000 -0.844  -0.782
P8 0.672 0.083 0.627 0.743 -0.798 -0.980 -0.844  1.000 0.743
P9 0.789 0.046 0.468 1.000 -0.410 -0.692 -0.782  0.743 1.000




The correlation coefficients of P2 with P4, P5,
P6, P7, P8 and P9 are 0.046, 0.017, -0.069, -
0.075, 0.083 and 0.046, respectively. All output
parameters are negligibly affected by P2. P2 is
therefore considered a minor parameter.

The effect of P3 was considerable on all the
output parameters. The correlation coefficients of
P3 with P4, P5, P6 P7, P8 and P9 are 0.468, -
0.772, -0.591, -0.592, 0.627, and 0.468,
respectively. Increasing P3 will increase P4, P8,
and P9 while decreasing P5, P6, and P7. Since
P3 also affects most output parameters, it is also
considered a major input parameter.

Fig. 3 summarizes the parameters correlation.
There are two major input parameters, P1 and
P3. Relevance (1.00) of P1 is highest with P4
with a correlation value of 0.78919 and R2
contribution of 0.60063. P3 has a relevance
value of 1.00 with P5, a correlation value of -
0.77197, and an R2 contribution of 0.59353. P2
is the minor input parameter having 0.37497
relevance with P6. The highest correlation value
of P2 with P7 is -0.074682, and the R2
contribution of 0.019602.
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Fig. 4 illustrates the sensitivities between input
and output parameters. Sensitivity analysis
identifies  priority areas for  knowledge
improvement [15]. P1 and P3 had positive and
negative sensitivities in terms of output
parameters, but P2 had zero sensitivity. All the
output parameters responded to input
parameters P1 and P3 changes. The response of
P4, P6, P7, P8, and P9 was higher for
changes in P1 than P3, while the response
of P5 was higher for changes in P3 than
P1. P4, P6, P7, P8, and P9 responded
more strongly for changes in Pl than for
changes in P3, while P5 responded more
strongly for changes in P3 than for changes in
P1.

Additionally, linear and graphical relationships
between input and output variables were
determined. Fig. 5 shows the linear and
quadratic relationships between Pl and the

output variables, the equations, and the
regression  coefficients. Both linear and
polynomial  variations  of each  output

parameter are represented for input parameter
P1.

=

i1

1 Filtering Method
5 = Major Input Parameters
[ Best Relationship With Filtering Output Parameter
=l Input Parameter
7 Relevance Cutput Parameter R.2 Contribution Correlation Value
3 P1 - Thickness of Shank 1 P4 - Straight Subsoiler Mass 0.60063 0.78919
9 P3 - Width of Shank 1 PS5 - Total Deformation 0.59353 0.77197

=  Minor Input Parameters

Best Relationship With Filtering Output Parameter

= Input Parameter . .
12 Relevance Output Parameter R2 Contribution Correlation Value
13 P2 - Length of Curve 0.37497 P7 - Maximum Principal Stress | 0.019602 -0.074682
Fig. 3. Summary of Parameters Correlation in ANSYS
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Fig. 4. Sensitivities between input and output parameters of the straight subsoiler

5



28 { e Linear Trend Line: y = 0.8104x + 2.4143; R2=62.283% .
— Quadratic Trend Line: y = 0.033858x*2 -0.72106x4 19.611aR2=62 46:%8 m
23 = Samples "

P4 - Straight Subsoiler Mass [kg)]

21 22 23 21 25
P1 - Thickness of Shank

Linear Trend Line: y = -0.18837x + 8.5237; R2=13.431% s

T
£ 400 Quadratic Trend Line: y = -0.0055926:42 + 0.06385x + 5.8915: R2=13 A51% e
= L] Samples  m
a an
o
=
i 350
o
15
£
s
2 300
E
Irif
w©
o 250
16 "
15
5 14
£ 13
&
£ o1z
i
I
©o11
@
£
1
an Lingar Trend Line: y = 0.083843x -0.60325; R2=45.201% e
08 - Quaciatic Trend Line:y = -0.013378x*+2 + 0.68727 7 3781; R2=d7 1% —em
0.8 . Samples  m
21 22 23 24 25

P1 - Thickness of Shank

Allaie et al.; CJAST, 40(43): 1-10, 2021, Article no.CJAST.81175

B Linear Trend Line: y = 0.8104x + 2.4143; R2=62.283%
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Fig. 5. Linear and quadratic relationships between P1 and the output variables

The maximum correlation was found between P1
and P4, and the linear and quadratic equations
for the relationship are:

Linear: y = 0.8104x +
2.4143; R? = 62.283%
Quadratic: y = 0.033958x2 —

0.7211x + 19.611; R? = 62.464%

where,
y = P4 (Straight Subsoiler Mass), kg
X = P1 (Thickness of Shank), mm

Linear and quadratic trend lines between P1 and
the output parameters show that for P4, P8 and
P9, increasing P1 increases the output
parameter. On the other hand, increasing P1
decreases P5, P6, and P7.

There was little correlation between P2 and the
output parameters, so it was impossible to
establish a significant relationship between input
and output parameters. Fig. 6 shows the linear
and quadratic relationships between P2 and the

ogtput parameters along with the equations and
R".

Fig. 7 depicts the relationship of P3 with the
output variables. P3 and P5 were found to have
the greatest correlation, and the linear and
quadratic equations are as follows:

Linear: y = —0.0994x +
12.2259; R? = 59.594%
Quadratic: y = 0.0022681x2 —

0.4615x + 26.6062; R* = 60.393%

where,
y= P5 (Total Deformation), mm
X= P3 (Width of Shank), mm

Linear and quadratic trend lines between P3 and
the output parameters show that for P4, P8, and
P9, increasing P3 increases the output
parameter. On the other hand, increasing P3
decreases P5, P6, and P7.

Results from the parameters correlation
analysis, sensitivity analysis, and the linear and
quadratic regressions help classify the input



parameters as major and minor input
parameters. From the analysis, it was seen that
P1 and P3 had high correlation and sensitivities
with the output parameters. Moreover, the output
parameters varied due to changes in P1 and P3.
In contrast, P2 had no correlation and sensitivity
to the output parameters. There were no
significant variations in the output caused by
variations in P2. As a result, input parameters P1
and P3 were designated as major parameters,
while P2 was designated as minor input
parameters.

For determining the overall effects of the input
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parameters with their output parameters,
comparative studies were Conducted by fitting
regression curves and obtalnmg R? values. Fig. 8
illustrates  changes in with  various
combinations of input parameters.

Combination 1l had almost the same R’ as
combination I, indicating that not including P3
has no significant effect on the output
parameters. R” values of combinations Ill and IV
were lower than those of combination I
compared to combination |, confirming that P1

and P3 affected all output parameters
significantly.
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4. CONCLUSION

An analysis of parametric correlation was
conducted to determine the effects of input
parameters, thickness of shank (P1), length of
curve (P2), and width of shank (P3), on the
output parameters straight subsoiler mass (P4),
total deformation (P5), equivalent stress (P6),
maximum principal stress (P7), safety factor
(P8), and straight subsoiler volume (P9). The
correlation analysis revealed that P1 and P3 had
significant effects on the output parameters while
P2 appeared to have a very low effect. In terms
of defining relationships between the input and
output parameters, quadratic relationships were
better than linear ones. Increase in the values of
P1 and P3 lead to increasing trends in P4, P8,
and P9, and decreasing trends in P5, P6, and
P7. The output parameters did not change as P2
was varied. Eliminating P2 from the analysis
caused negligible changes in the model R’
Thus, it can be concluded that a parameter
correlation study is necessary to determine the
significance levels of the different inupt
parameters. Understanding the significance of
parameters can help better evaluate results from
finite element analysis.
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