s ARCHIVIO ISTITUZIONALE
ONIVERSITA DI BOLOGNA DELLA RICERCA

Alma Mater Studiorum Universita di Bologna
Archivio istituzionale della ricerca

Correlation between power harrow energy demand and tilled soil aggregate dimensions

This is the final peer-reviewed author’s accepted manuscript (postprint) of the following publication:
Published Version:

Varani M., Mattetti M., Molari G., Biglia A., Comba L. (2023). Correlation between power harrow energy

demand and tilled soil aggregate dimensions. BIOSYSTEMS ENGINEERING, 225(January 2023), 54-68
[10.1016/j.biosystemseng.2022.11.008].

Availability:

This version is available at: https://hdl.handle.net/11585/911051 since: 2023-01-03
Published:

DOI: http://doi.org/10.1016/j.biosystemseng.2022.11.008
Terms of use:

Some rights reserved. The terms and conditions for the reuse of this version of the manuscript are
specified in the publishing policy. For all terms of use and more information see the publisher's website

This item was downloaded from IRIS Universita di Bologna (https://cris.unibo.it/).
When citing, please refer to the published version.

(Article begins on next page)
11 August 2024



http://doi.org/10.1016/j.biosystemseng.2022.11.008
https://hdl.handle.net/11585/911051

This is the final peer-reviewed accepted manuscript of:

Correlation between power harrow energy demand and tilled soil aggregate
dimensions

by Massimiliano Varani, Michele Mattetti, Giovanni Molari, Alessandro Biglia, Lorenzo
Comba

Biosystems Engineering, Volume 225, 2023, Pages 54-68
The final published version is available online at:

https://doi.org/10.1016/j.biosystemseng.2022.11.008

Terms of use:

Some rights reserved. The terms and conditions for the reuse of this version of the manuscript are
specified in the publishing policy. For all terms of use and more information see the publisher's
website.

This item was downloaded from IRIS Universita di Bologna (https.//cris.unibo.it/)

When citing, please refer to the published version.



https://cris.unibo.it/
https://doi.org/10.1016/j.biosystemseng.2022.11.008

OCOO~NO OB WN -

15

16

17

18

19

20

21

22

23

24

25

26

27

28

29

30

31
32

CORRELATION BETWEEN POWER HARROW ENERGY DEMAND
AND TILLED SOIL AGGREGATE DIMENSIONS

Massimiliano Varani?, Michele Mattetti®*, Giovanni Molari?
Alessandro Biglia®, Lorenzo Comba®,

aDepartment of Agricultural and Food Sciences — Alma Mater Sudiorum - University of Bologna, viale G. Fanin
50, Bologna, Italy
b Department of Agricultural, Forest and Food Sciences (DiSAFA) — Universita degli Studi di Torino,
Largo Paolo Braccini 2, 10095 Grugliasco (TO), Italy
*Michele Mattetti, tel. +39 051 2096174, fax +39 051 2096178, e-mail: michele.mattetti@unibo.it

Abstract

Energy demand of soil tillage implements has been reported based on different operating
conditions and the chemical and physical soil properties. However, tillage operations cannot
only be evaluated according to their energy consumption; the soil structure improvement and
the consequent agronomic benefits must also be considered. Power harrows can adjust soil clod
size by varying the velocity ratio (1) of the machinery which is calculated from the ratio of the
peripheral speed of the tine rotors and the vehicle’s advancing speed. This paper aims to gain
deeper insight into controlling the soil structure and find correlations with the power harrow’s
energy requirement in different setups. Field tests were conducted at the experimental farm of
the University of Bologna on a 3-m working width power harrow coupled with a tractor with
107 kW of rated engine power. Field tests were performed by varying A from 1.46 to 7.90 while
tractor parameters, such as speed, engine power, fuel rate consumption, draught, and power
take-off (PTO) speed and torque, were acquired with a datalogger. After harrowing, soil
samples were sieved and significant granulometric parameters were calculated and correlated
to data acquired from the tractor—power harrow system. The results show that the optimum
conditions for a high-quality seedbed are obtained with high values of implement—soil impact

speed, whilst A should be kept as low as possible to minimise the fuel consumption per ha.

KEYwoORDS: CO> emissions; soil loosening; seedbed preparation; tillage; energy
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Nomenclature

B Tractor engaged gear O]

1) Implement working depth (mm)

A Velocity ratio )

Tpn Power harrow transmission ratio O]
Tpro Tractor power take-off (PTO) transmission ratios )

n Power delivery efficiency (-

b Power harrow working width (m)

d; Dimension of the holes in the i*" sieve (mm)

f Fuel consumed by the tractor engine per unit of time (1h?)
fra Fuel consumption per hectare (I hat)
N, Revolution speed of the tractor engine crankshaft (rev minh)
Npp Revolution speed of the power harrow tines (rev min?)

Npro Revolution speed of the tractor PTO (rev min)

ks Index of soil skeleton O]

k; Index of soil texture O]

D Draught force between the tractor and the power harrow  (kN)

E Energy required to process 1 mé of tilled soil (kJ m®)
E, Field capacity (hah'?)

GMD Geometric mean diameter of soil aggregates (mm)
M, Tractor torque as a percentage of M, (%)
Tractor sum of the engine frictional and thermodynamic
Mg loss, pumping torque loss, and losses of fuel, oil, and (%)
cooling pumps as a percentage of M,
My, Torque applied to the power harrow rotors (Nm)
M, Maximum tractor engine torque available (Nm)
Mpro Torque delivered at the tractor PTO (Nm)
MWD Mean weight diameter of soil aggregates (mm)

P, Actual tractor engine power (kW)
Py Draught power between the tractor and the power harrow (kW)
Py Power absorbed by the power harrow (kW)

Power required to run the power harrow rotors through the
PPTO PTO (kW)
Rpn Radius of power harrow rotors (m)
v Maximum implement-soil impact speed (km h1)
V; Tractor ground speed (km h1)
W Percentage of soil mass retained in the it" sieve from a %)
bl sample collected in the jt* parcel
Wio-s Mass of soil with clods between 0 and 8 mm (kg)
W;sg Mass of soil with clods over 8 mm (kg)
Wi 32 Mass of soil with clods over 32 mm (kg)
34
35
36 1. Introduction
37 Population growth requires increased global food production, which should not occur at the

38  expense of greenhouse gas (GHG) emissions mitigation (Beckman et al., 2020). Researchers
39 and policy-makers have been working to find solutions that will support the sustainable

40 intensification of modern farming systems to increase their productivity while minimising their
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environmental footprint (Garnett et al., 2013). In 2020, the European Commission (EC)
presented strategies to achieve this goal including “Farm-to-Fork”, “Biodiversity Strategies”,
and the “European Green Deal”. Within these strategies, one area of improvement is sustainable
food production, which should be based on agricultural practices that can reduce GHG
emissions, inputs (e.g., water, fertilisers, and chemical pesticides), and direct energy
consumption (Balézs et al., 2021).

Among agricultural operations, tillage is the most energy-intensive operation in primary
production. Tillage accounts for about one-quarter of the total energy input for crop production
(Borin et al., 1997), and currently 92% of this energy is supplied by fossil fuels (Choudhary et
al., 2021). Several studies have thoroughly characterised the energy demand of the tractor—
implement system under different operating conditions (i.e., working depth and speed) (Balsari
et al., 2021; Godwin et al., 2007; Mattetti et al., 2017), and different soil types and moisture
levels (Natsis et al., 1999). However, tillage operations cannot only be evaluated by their energy
demand; the benefits for soil structure and other agronomic aspects (e.g., crop yield) must also
be considered.

Tillage modifies soil structure via mechanised implements. It requires substantial energy to
cut soil, invert soil layers, reduce clod size, and rearrange aggregates. Soil structure is defined
as the size, shape, and arrangement of soil particles and pores; it is crucial for germination and
crop growth and to regulate soil water content (Adam & Erbach, 1992; Bronick & Lal, 2005).
Typically, finer soil aggregates result in higher field emergence and crop yield (Heege, 2013);
however, excessive tillage is undesirable as it contributes to increased soil vulnerability to wind
and water erosion (Tapela & Colvin, 2002). It is generally accepted that an aggregate size of 1
to 8 mm is required for a good seedbed (Adam & Erbach, 1992; Braunack & Dexter, 1989;
Munkholm, 2002; Tapela & Colvin, 2002), but deviations from this general rule should be

adopted according to the crop, weather, rainfall, and type of soil. For example, in Europe spring
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barley needs finer soil aggregates than winter wheat as it is usually sown in drier periods
(USDA, 1984). Soils with a high clay content can accept a coarser soil structure due to their
swelling—shrinking ability, which permits the soil particles to disintegrate (Heege, 2013). Soil
structures are usually evaluated via indicators, the most popular of which are the mean weight
diameter (MWD) and the geometric mean diameter (GMD) (Daraghmeh et al., 2019; Natsis et
al., 1999; Nunes et al., 2015; Van Bavel, 1950; Weill et al., 1989).

To obtain the desired size of soil aggregates in the topsoil using conventional tillage
management, secondary tillage operations are conducted. In Europe, the power harrow is a
widely adopted machinery for secondary tillage because it produces a viable seedbed and it
requires only limited tractor draught, ensuring minimal losses due to wheel-slip and rolling
resistance. (Chen et al., 2005; Scarlett, 2001). Moreover, unlike other power take-off (PTO)-
driven tillage machinery, such as the rotary tiller, power harrows do not create tillage hardpan
(Sukcharoenvipharat & Usaborisut, 2018). Soil clod size can be adjusted with power harrows
through the machinery ground speed and the angular speed of tine rotors as both control the
number of tine revolutions per metre moved (Celik & Altikat, 2022; Raparelli et al., 2020). This
may also affect the energy required for operation; Balsari et al. (2021) found that the specific
energy (i.e., the energy per unit area or volume) may increase by up to 40% when the rotating
speed of the tines is increased while the machine ground speed is kept constant. Conversely, as
with rotary tillers (Daraghmeh et al., 2019; Watts et al., 1996), increasing the ground speed
should reduce the specific energy without changing the rotating speed of the tines due to the
increased field capacity. Upadhyay & Raheman (2020a, 2020b) investigated the impact of
velocity ratio for a different type of PTO-driven implement, and discovered that, up to a certain
point, the specific energy requirement decreased with an increase in velocity ratio, and then

increased with further increases in velocity ratio.
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Studies investigating the optimal operating parameters of power harrows in terms of the energy
used and the soil structure are lacking.

This paper aims to gain deeper insights into controlling the soil structure and find a
correlation between the energy requirements of the machinery and the subsequent soil structure

using different power harrow setups.

2. Materials and methods
2.1. Tractor and power harrow
The tests were performed with a 3-m working width (b) power harrow (Frandent Eternum
R303-19, Frandent Group Srl, Italy) equipped with a packer roller. The selected power harrow
was equipped with a gearbox used to change the transmission ratio (z,5,) between the PTO and
the tine rotors. The specifications of the power harrow are reported in Table 1 while its photo

is reported in Figure la.

Table 1. Power harrow specifications

Parameter Value
Working width (b) [m] 3
Number of rotors 12
Rotor radius (R,p) [M] 0.1
Rotor tine length [mm] 290
Roller diameter [mm] 550
Mass (harrow + roller) [kg] 1,323

This model of power harrow was chosen for the study because its main specifications are
very common on the Italian market. The power harrow was pulled by a four-wheel-drive row

crop tractor; Table 2 presents the tractor specifications.
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Table 2. Tractor specifications and PTO transmission ratios

Parameter Value
Manufacturer CNH Industrial N.V. (Amsterdam,
Netherlands)
Model Case IH Maxxum 115
Unladen mass [Kg] 4,890
Rated engine speed [rpm] 2,000
Maximum engine power at rated engine speed 107
[kwW]
Transmission Partial-powershift, 16 forward and
16 reverse speeds
. S 540 mode 0.27

(PTTO )transmlssmn ratios in different modes 540E mode 0.35

pro 1000 mode 0.50

2.2. Sensors and acquisition system

The tractor parameters were acquired through the tractor’s controller area network (CAN) SAE
J1939 diagnostic port and recorded with a Kvaser Memorator 2 datalogger (Kvaser Inc.,
Mission Viejo, CA, USA) using the following suspect parameter numbers (SPNs) and
parameter group numbers (PGNSs):

e SPN 544 and PGN 65251: ‘Engine Reference Torque’ reports the maximum engine
torque available (M,.) at a sampling rate of 0.2 Hz.

e SPN 513 and PGN 61444: ‘Actual Engine — Per cent Torque’ reports the torque (M,)
as a percentage of M, at a sampling rate of 50 Hz.

e SPN 513 and PGN 5398: ‘Nominal Friction — Per cent Torque’, denoted as Mg,
reports the sum of the engine frictional and thermodynamic loss, pumping torque
loss, and losses of fuel, oil, and cooling pumps as a percentage of M, at a sampling
rate of 20 Hz.

e SPN 190 and PGN 61444: ‘Engine Speed’ reports the revolution speed of the engine

crankshaft (n,) at a sampling rate of 10 Hz.
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e SPN 523 and PGN 61445: ‘Transmission Current Gear’ reports the engaged gear in
the tractor transmission () at a sampling rate of 10 Hz.

e SPN 1883 and PGN 65090: ‘Rear PTO Output Shaft Speed’ reports the speed of the
rear PTO (npro) at a sampling rate of 10 Hz.

e SPN 183 and PGN 65266: ‘Engine Fuel Rate’ reports the fuel consumed by the
engine per unit of time (f) at a sampling rate of 10 Hz.

e SPN 1873 and PGN 65093: ‘Rear Hitch Position’ reports the position of the rear
three-point hitch at a sampling rate of 10 Hz.

e SPN 8768 and PGN 8960, ‘Hitch Information — Rear in Work’ reports the status of
the rear three-point linkage (TPH), which is equivalent to 1 when the TPH is in
working position and 0 when the TPH is lifted. It is denoted as H.,, and measured
at a sampling rate of 10 Hz.

The ground speed of the tractor (V) and its geolocation were measured using a global
navigation satellite system (GNSS) receiver (IPEspeed, Ipetronik GmbH & Co. KG, Baden-
Baden, Germany) with a 10 Hz sampling rate and a circular error probable (CEP) of 2.5 m. The
output signal of the GNSS receiver was in the CAN bus protocol, so it was directly connected
to the datalogger to record V; during the tests.

A three-point hitch coupler equipped with three biaxial load pins placed at the hitch points of
the three-point linkage was installed between the tractor and the power harrow to measure the
draught force (D) (Balsari et al., 2021; Mattetti et al., 2017). The biaxial load pins (N.B.C.
Elettronica Group Srl, Italy) were able to take forces along two orthogonal axes with a load
capacity of 10 kKN in each direction. The pins were installed to record the positive direction of
the longitudinal force when the tractor pulled the implement, while the positive direction of the

vertical force was aligned with the force of gravity. The torque delivered at the tractor PTO
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(Mpro) was measured with a torque meter (NTCE 7000 series, NTCE AG, Germany) with a

full scale of 5000 Nm (Fig. 1).

a b

Fig. 1. Photos of the power harrow Frandent Eternum R303-19 (a) and the three-point hitch
coupler equipped with load pins and the torque meter used during the tests (b).

As the signals from the load pins and the torque meter were in voltage output and the Kvaser
datalogger is only compliant with the CAN bus protocol, a conversion module was used to
translate their outputs from analogue to the CAN bus protocol (ADMM 8 pro, CSM Gmbh,

Filderstadt, Germany).

2.3. Experimental sites and soil characteristics

Tests were conducted in autumn 2021 at the experimental farm of the University of Bologna
located in Cadriano (latitude 44°33'27.6624" and longitude 11°24'35.3844", Emilia Romagna
Region, north-central Italy). The climate is classified as humid subtropical (Cfa) according to
the Koppen-Geiger climate classification (Koppen, 1936) and is characterised by hot summers
and two main rainy periods in spring and autumn. The field used for the test was 200 m long
and 50 m wide, and it was classified as silty clay loam soil according to the USDA textural soil
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classification (USDA, 1987). This category of soil was chosen since it is considered appropriate
for planting very popular crops such as maize or sorghum in north-central Italy. Moreover, the
field was completely ploughed at a depth of 250 mm before the test to bury the crop residue.
The liquid limit (LL) and the plastic limit (PL) of the soil were 31% and 21%, respectively. A
plasticity index (PI) of 10% permitted the soil to be classified as low-plasticity clay (ASTM,
2010). The mean value and the standard deviation of soil bulk density over the field were 1,620
kg m and 230 kg m=, respectively; while the mean value and the standard deviation of the soil
moisture content (based on the dry mass) were 20.7% and 1.6%, respectively (ASTM, 2009b).
Under these conditions, the soil moisture content was close to the optimum for soil workability

(Dedousis & Bartzanas, 2010; Dexter & Bird, 2000).

2.4. Test conditions and experimental design

The rotating speed of the tines (n,,) was calculated as a function of the rear PTO output shaft
speed and the gearbox transmission ratio using Eq. (1);

Npn = Npro Tpn )
The combined effect of V. and n,, on the tractor performance and soil granulometry was
evaluated with the introduction of the velocity ratio (A) (Hann & Giessibl, 1998; Shinners et al.,
1993; Upadhyay & Raheman, 2020a, 2020b) as shown in Eq.(2);

_ NpnRpn (2)
Ve

A
where the numerator of the ratio indicates the peripheral speed of the power harrow rotors.
Field tests consisted of six unique field operation configurations performed with varying A from
a feasible minimum of 1.46 to a maximum of 7.90, as shown in Table 3. These boundary values

were fixed by the physical characteristics of the tractor and the power harrow used for the tests;

lower or higher values were too difficult to achieve. As particular A values can be obtained with
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multiple combinations of n,,;, and V, these parameters were selected according to the results of

a preliminary field test. The chosen configurations were the best matches to the constraints of

the soil characteristics, tractor transmission ratios, and maximum engine power.

Table 3. Trial target configurations

Trial name n, V; PTO Tph Mo A
[rpm] [km hY] mode [rpm]
Tl 2,000 6.6 540E 1.24 256 1.46
T2 2,000 6.6 540E 0.81 398 2.27
T3 2,000 4.0 540E 1.24 256 2.41
T4 2,000 2.5 540 1.24 184 2.77
T5 2,000 3.8 1,000 1.24 340 3.37
T6 2,000 2.1 1,000 0.97 440 7.90

Trials T2, T3, and T4 were designed for A values of about 2.5 obtained with different
combinations of n,, and V,. The choice to perform multiple trials at about the same A value
was suggested by the power harrow user manual, which indicates 2.5 as the optimal working
point to avoid overstressing the rotor bearings.

The field described in section 2.3 was divided into 24 parcels, 4 m in width and 100 m in length
as four replicates per configuration were performed (T1-T6). The repetitions were randomised
across the field to limit the results’ dependence on variations in soil characteristics (Fig. 2).

100 m

: 3 T20 T8
13D 5B
T4D T6B
T1D T28
5D 138
T6D T4B I
oo
T2C T1A 3
T3C TSA
TaC T6A
T1C T2A
T5C T3A
T6C T4A v

200 m
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Fig. 2. Distribution of the trial plots across the field. To identify each repetition of the same
configuration, each one was named by adding a letter to the trial number (e.g., T1A for
the first repetition, T1B for the second, etc.)

The implement working depth (§) was maintained at 150 mm for every tested condition.
This parameter was achieved by adjusting the height of the packer roller of the harrow. The
packer roller does influence the soil aggregate dimension, and it is challenging to separate his
work from that of the harrow. However, since the characteristics and the position of the packer
roller were maintained constant during all the trials, its contribution to the soil fragmentations
could be considered constant. So, the comparison between the different trials remains

consistent.

2.5. Field operation data analysis

The acquired signals were interpolated at 10 Hz with a cubic spline in Matlab® (Natick, MA,
USA) to standardise all of the signals to the same sampling rate and remove high-frequency
disturbances.
The maximum implement—soil impact speed (V;) was calculated by;

2 @)
Vis = nph%Rph + Vi

while the tractor’s actual engine power (P,) was calculated by;

Me - Mf 2T (4)

Fo=Mr—50" Me g0

and the torque applied to the power harrow rotors was calculated using;.

M 5
M,y = PTO (5)

Tph
The efficiency of the power harrow transmission was not considered as it did not change among
the tested configurations.

The total power absorbed by the power harrow (P,,) was calculated using Eq. (6) as the sum
of the power used to tow the implement (P ) and the power used to run the power harrow rotors

through the PTO (Ppy() Was calculated by Egs. (7) and (8);
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Ppb=DYV, (6)

21 7
Ppro = Mpp npp @ )

Pyn = Pp + Ppro )
The power delivery efficiency (1) was calculated by;

Ppn ©9)

The field capacity (F.) and the fuel consumption per hectare (f;,) in each pass were also

calculated by;

Fe=bV; (10)
f (11)
fha - Fc

The energy required to process 1 m® of tilled soil (E) was calculated using;

Ppn (12)

E=vbs

The passes were separated from the headland turns (Fig. 3a) observing the rate of change of

P,n, calculated with the signal differentiation (Fig. 3b).

s tractor geospatial trace

T
T4A

P, [kW]

0 100 200 300 400 500 600 700 800 900 1000
Time [s]

a b

Fig. 3. (a) Spatial position of the tractor during the tests; (b) Passes and headland turns, shown
as the rate of change of the power absorbed by the power harrow (P,) signal.
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After harrowing, following ASTM D2488 (2009a) procedures, about 8 kg of dry tilled soil
were collected at the depth range of 0 — 150 mm from each parcel to determine the aggregate
size distribution. Soil samples were sieved following the ASTM D6913/D6913M-17 (2021)
procedures, using five BS ISO 3310-2 (2013) sieves with nominal hole sizes (d;) of 2, 4, 8, 16,

and 31.5 mm (Fig. 4).

Fig. 4. From left to right and top to bottom: Sieves with diameters d; of 31.5, 16, 8, 4, and 2
mm and the residual collector.

The percentage of soil mass retained (Wif]‘-’/") in the i*" sieve collected in the j** parcel was

calculated by;

y Wi, 13
Wi = o—=— 100 =
Z S WT‘

where W;; is the mass of soil collected in the jt" parcel retained by the i** sieve and ng is the

number of sieves (5).
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The MWD and the GMD (Van Bavel, 1950) of the aggregates were calculated for each parcel

by;

ns
MWD = z d; W/ (14)
i=1

ns
GMD = exp [z In(d;) Wif]%] (15)
i=1

To obtain an agronomic evaluation of the granulometry, the soil texture index k., derived from
Natsis et al. (1999) and adapted to be consistent with the dimensions of the sieves used in this
study, was determined for each configuration using ;

Wio-g (16)

k., =
T Wise

where W; _g is the mass of soil with clods between 0 and 8 mm, while W; -¢ is the mass of

soil with clods over 8 mm. The index k; indicates the quality of the seedbed. A threshold value
of 8 mm was chosen after considering the available literature about optimal seedbed conditions
in terms of soil aggregate sizes for the seed germination of various crops (Adam & Erbach,
1992; Braunack & Dexter, 1989; Munkholm, 2002; Tapela & Colvin, 2002).

To evaluate the soil skeleton proportion in each parcel, the index kg was calculated by;

Wi >32 (17)

W

kg =

where W, 5, is the mass of soil retained by the 31.5 mm sieve and W; is the total mass of soil
collected in the j'™* parcel. So, the trials that produced better-quality seedbeds could be
identified as those with higher k;, values and lower kg values. The mean values of V,, V;,, C, D,
P, Pp, Pero, Pon, fha» MWD, GMD, kg and kg acquired during the passes were calculated and
denoted with the overbar and the superscript p for each parameter.

Subsequently, to highlight significant correlations between the collected soil and energetic

indicators, a Spearman’s correlation matrix was performed using the built-in corr function in
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Matlab (Mathworks inc., Natick, MA, USA). The parameters that showed correlation indices
over 0.6 were identified and possible regression curves were investigated, as shown in the

example in Fig. 5.

35 T T T T T T T

30

x  Mean values along passes
— — —95% Confidence bound
fit

10 |

5 1 1 1 1 1 1 1
2 2.5 3 3.5 4 4.5 5 5.5 6

A

Fig. 5. Linear regression of drought power(PY) as a function of tractor speed (V7). The details
of this regression are reported in Appendix A, Table A2.

Finally, to obtain a global overview of the results, the mean values and standard deviations of
the mean values along passes were calculated for each configuration. These means were
denoted with only the overbar. That is, V; represents the raw signal, VP represents the mean
value during one pass, and V; represents the mean value of the /? obtained from each repetition.
The resulting values were compared to each other with several one-way ANOVA tests to

evaluate any significant differences.
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274 3. Results

275 This section describes and interprets the experimental results.

276  3.1. Methodology validation and operational mean values

277 The actual values of V;, 71,5, and A during the trials are shown in Table 4.
278 Table 4. Measured A values from each test compared with the theoretical target values
279 (standard deviation in brackets).
280
Parameters T1 T2 T3 T4 TS5 T6
Target V;
: : 4. 2. : 2.1
[km h] 6.6 6.6 0 5 3.8
7 55 5.5 4.0 2.5 3.7 2.2
[km h?] (0.17) (0.27) (0.04) (0.01) (0.08) (0.03)
Target
arge .nf’lh 256 398 256 184 340 440
[rev min™]
Ty 222 345 251 184 352 488
[rev min] (5.95) (15.6) (2.43) (1.11) (8.02) (8.60)
TargetA 1.46 2.27 2.41 2.77 3.37 7.90
A 1.52 2.35 2.37 2.77 3.59 8.49
(5.5110%)  (9.2110%) (1.17 10%) (5.08 10°%) (1.18 109 (1.45 10
X per cent
difference from 3.7 3.3 1.7 -0.27 6.4 75
target A [%]
281
282 The only tests showing a significant difference from the target V, were T1 and T2. These

283  demanded a P, close to the maximum tractor power (Table 4), making maintaining the desired
284 configuration difficult. However, the 71, values were lower than intended for the same reason,
285  so the A in these tests was not very far from the target value. As Table 4 shows, the actual value
286  of A in all the tests did not exceed a 7.5% difference from the target value, so the tests were

287  considered consistent with the designed methodology.
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288

289  configuration are reported.

In Table 5, the mean values of the other measured parameters in the passes for each

290 Table 5. Tractor and power harrow mean values of the measured parameters among the

291 passes (standard deviation values in brackets)
Parameters T1 T2 T3 T4 TS5 T6
Vs [km h?] 13.9(0.4) 18.5(0.9) 13.5(0.1) 9.4 (0.1) 16.9 (0.4) 20.6 (0.4)
D [kN] 19.1 (0.8) 18.8 (1.6) 18.3 (0.5) 17.6 (0.6) 18.2 (0.8) 16.5 (0.6)
Mpro [Nm] 426 (28) 527 (19) 379 (19) 311(15) 375 (22) 379 (36)
M,,[Nm] 1,253 (80) 994 (36) 1,116(57) 917 (43) 1,101 (64) 861 (81)
P, [kW] 109.6 (0.3) 109.1 (0.8) 98.3 (1.3) 63.9 (2.5) 106.4 (3.1) 93.7 (3.5)
Ppro [KW] 29.1 (1) 35.8 (1.7) 29.3 (1.3) 17.7 (0.9) 40.5 (2.2) 44 (3.4)
Py [kW] 29.2 (0.7) 28.8 (2.9) 20.3 (0.5) 12.3 (0.4) 18.6 (1) 9.9 (0.5)
Py, [kW] 58.4 (1.4) 64.7 (3) 49.6 (1.2) 30 (0.8) 59.2 (2.8) 53.9 (2.9)
N [-] 0.53 (0.01) 0.59 (0.02) 0.5(0.01) 0.47 (0.01) 0.56 (0.01) 0.58 (0.05)
f' [LhY 31.3(0.2) 31.2 (0.4) 30 (0.2) 18.8 (0.6) 30.9 (0.9) 28.6 (1.3)
fra [L hal] 18.6 (0.1) 18.9 (0.5) 24.9 (0.2) 25 (0.7) 27.6 (0.3) 43.6 (2)
E [kIm3] 84.6 (4.5) 93.6 (2.1) 99.4 (3.2) 95.6 (2) 128.2 (6.1) 199.2 (13.8)
MWD [mm] 18.7 (2.1) 14.6 (0.4) 17.4 (0.7) 17.7 (1.1) 17.2 (2.5) 15.2 (0.9)
GMD [mm] 12.7 (2.2) 9.1(0.2) 11.4 (0.9) 11.6 (1.2) 11.6 (2.7) 9.8 (0.6)
ke[-] 0.6 (0.19) 1.05 (0.03) 0.68 (0.11) 0.69 (0.14) 0.7 (0.32) 0.89 (0.08)
k[-] 0.45 (0.08) 0.29 (0.03) 0.39 (0.02) 0.41 (0.04) 0.38 (0.08) 0.3 (0.05)

292

293 The analysis of the standard deviations shows that the registered values were generally low;

294 the highest variations were found in D and M,,, and, therefore, P, and Ppr(, Which are related

295  through Eqgs. (11) and (12), respectively. This is mainly due to the natural variability of the soil

296  characteristics between the parcels.

297  3.2. Tractor and power harrow performance parameter correlations

298

299

The correlation matrix obtained with the values along the passes is shown in Fig. 6.
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301
302
303

304
305

306

Vi
Npn  |-0.09
Vis o007
A 0.44 | 0.23
D |o61|-0.24|-0.19
Mpro 0.32 | 0,51 |-0.55 | 0.33
Mpn |059|-0.23|-0.21]-0.55| 054 | 0.41
Pp -0.14 | 0.03 0.60
Ppro |-0.14 046]-021| 0.42]-004]-015
Pyon 061 052 | 0,66 |-0.33 | 0.40 033]061| 061
P, 0.15 | 0.34 0.56 0.23
N |o2s 002012 0.03|0.27 051
f 0.28 | 0.39 0.52 0.62 031 0.53
fha 0.43]0.20 -0.53| -050]-033 0.47 |-0.33 -0.04 |-0.50
E 0.61 | 0.36 038 | -032]-034 0.62 |-0.14 |-0.48 | 0.19 |-0.37
MWD |0.07 |-0.52 -0.18|0.17| -0.43| 0.36|0.07 | -0.54 |-0.39 |-0.04 0.01 |-0.12 |-0.29
GMD |0.,03|-0.45 |-051 |-0.13 | 0.11 | -0.41| 0.32]0.03 | -0.48|-0.40 |-0.07 |0.56 |-0.02 |-0.07 |-0.22
ki |001]043|049|008|016| 043]-033]-002| 044]037|006|052]0.03|0.00]|0.16
ks o012 027 [017| -034| 044|011 -0.37 | 0.01 0.04 |-0.18 |-0.37
Ve [Mpn | Vis| A | D | Mpro |Mpn | Pp | Ppro |Ppn | Po | M f fha

E |MWD |GMD | k,

ks

Fig. 6. Results of the Spearman’s correlation matrix. High correlations are highlighted in dark

Figure 7 shows that D is directly proportional to V; in the experimental speed interval and

grey.

the regression of D with respect to V; is reported in Fig. 7.
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N]
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17.5
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V,[km h!]

Fig. 7 Linear regression of the drought (D) as a function of the tractor speed (V;). The details
of this regression are reported in Appendix A, Table Al

This linear correlation differs from that observed when using typical passive tillage tools,
such as mouldboard ploughs and subsoilers, where a quadratic correlation was noticed (ASAE,
2015). The relatively low R? value obtained for this regression (0.6) is due to the variability of
the soil characteristics, which caused a certain variability in the D values. Similar results have
been reported in studies on other tillage tools (Godwin, 2007; Perumpral et al., 1983). Because
D is linearly dependent on V;, P should exhibit a quadratic dependence on V; (Eg. 6). However,
the slope of DV, has a low gradient. The highest registered value of D is only 16% higher than
the lowest one, while the highest value of V; is more than double the lowest one. Therefore, a

linear correlation was found between P, and V; as was already showed in Fig. 5.
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333

334

335

This dependence of both D and Py, on V; results in the recorded maximum values of around
19 kN and 29 kW, respectively, at 5.5 km h™.,

A correlation coefficient of 0.91 was found between Ppro and my,,. The results of this
regression are presented in Fig. 8. This result is due to the relationship shown in Eq. (7); no
significant correlation was found between n,;, and M,,, as shown by the low coefficient (-0.23)

obtained in the correlation matrix.

50 T T T T T T

45 - -

40 -

— — —95% Confidence bound
fit

25 -

20 -

15 1 | | | 1 |
150 200 250 300 350 400 450 500
-1
npp[rev min~" |

Fig. 8. Polynomial regression curve of the power used to run the power harrow rotors (Ppro)
as a function of rotational speed of the power harrow rotors (n,,). The details of this
regression are reported in Appendix A, Table A3.

There is a monotonic correlation between increasing n,, and Ppro, Which agrees with the
existing literature (Akbolat & Ekinci, 2008; Celik & Altikat, 2022). In particular, the curve
shows a steep increase of Pprq at low values of n,,, which then flattens, reaching maximum

values of around 44 KW at 488 rpm.
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348
349

The relationship between M,,;, and V; that was observed in similar work by Balsari (2021) and
Khsetri (2021) was partially confirmed by our study. The correlation index was 0.59,
confirming that M,,, increases with increasing V;, except in the T2 trials, which did not follow
this trend as their values were lower than expected. This is mainly because the T2 trial
configuration was performed with a P, that was close to the maximum tractor power, which
limited the maximum reachable value of Py, and, consequently the maximum reachable M,
value. Thus, a significant regression curve between M,,, and V; could not be obtained.

As expected, the correlation matrix shows a high correlation between P,, P,p,, and f because
these parameters depend on each other. However, Fig. 9 shows that 1 increases with increasing

Pyp.

0~64 T T T T T T T T

0.62 -

0.6 -

0.58

0.56 -

< 0.54 -

0.52

0.5 F

0.48 -

0.46 - - — — —95% Confidence bound 7
fit

0.44 | | | | | | | |
25 30 35 40 45 50 55 60 65 70

Py [kW]

Fig. 9. Polynomial regression curve of the power delivery efficiency (n) as a function of the
power absorbed by the power harrow (P,,). The details of this regression are reported
in Appendix A, Table A4,
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In particular, n shows a remarkable efficiency improvement of around 25% from the lowest to
the highest values of P,,. This is because low values of P, correspond to low values of P, and
at low values of P,, the percentage of power that is not used to run the power harrow (i.e. power
required by tractor auxiliaries, power losses due to motion resistance, etc.) decreases with P,,
increasing the percentage of P, as well (Mattetti et al., 2020; Saetti et al., 2021). This leads to
an increase of n with P,,, the opposite behaviour from that observed when using passive
implements. The increased speed leads to an increase in draught, thus increasing slippage,
which lowers the global operational efficiency. However, PTO-driven implements have much
lower draught than passive implements, leading to lower slippage values and greater slippage
efficiency. The n measured in this study was similar to that observed on a disk plough in Shafaei
et al. (2021), probably due to the flow of power through the PTO via engine-to-PTO
transmission.

Moreover, the correlation matrix shows that n and V;, are highly correlated (0.84). Fig. 10
shows that n increases linearly with Vg, so tillage operations performed with high V, and n,,,

are highly efficient.
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0.5 F
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Fig. 10. Linear regression of power delivery efficiency (n) as a function of the implement-soil
impact speed(V;,). The details of this regression are reported in Appendix A, Table
Ab5.

This is mainly because P,, and V; are directly correlated, as shown by the correlation matrix
index (0.61), so the behaviour observed between n and P,, was similarly present between 7
and V. Performing the harrowing operation at high values of n,, and, in particular, at high

values of V; leads to high P, values.
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374 A strong linear correlation was found between E, fu,, and A (Fig. 11).

220 T T T T T T T
200 - e i
180 |- .
__ 160 |- _
T
g
= 140 .
o
= 120 - — — ——95% Confidence bound |
fit
100 | .
80 -7 .
60 | | | | | | 1
1 2 3 4 5 6 7 8 9
375 A
376 Fig. 11. Linear regression of the energy required to process 1 m? of tilled soil (E) as a
377 function of the velocity ratio (1). The details of this regression are reported in
378 Appendix A, Table A6.
379
380 The value of E increases linearly with 2 starting from values around 85 kJ m= at 1.52 to 200

381  kJm™at 8.49. Results with similar magnitudes and behaviour were obtained by Balsari (2021)
382 and Daraghmeh (2019) on silt loam and clay loam soil, respectively. As A is the ratio of the
383  peripheral speed of the tine rotors and the advancing speed of the tractor, high values of this
384  parameter indicate greater distances travelled by the tines and, consequently, more energy
385  required to till a defined volume of soil. The behaviour of f;,, matches that of E, so it has not
386  been shown. These two parameters are bonded from an energetic point of view; with increased

387  energy required to till the soil, more fuel will be used.
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Unexpectedly, the values of A and E do not appear to be directly correlated to the soil
aggregate dimensions MWD and GMD; the lowest mean values were obtained in T2: 14.6 mm
and 9.1 mm for MWD and GMD, respectively. However, both MWD and GMD showed a

monotonic decrease with increasing V;g, as reported in Fig. 12.

20 T T T T T T
- — ——— MWD, 95% Confidence bound
T~ ——— MWD, fit
18 L (Rt S NN (s GMD, 95% Confidence bound ||
é 16 L |
=
14 - ~ - i
S
S
E 12 + =L |
oL -j.,‘.~'“~‘~~.~ ........... _
8 1 1 1 1 1 1
8 10 12 14 16 18 20 22

Fig. 12. Linear regression of MWD (black) and GMD (red) as functions of the implement-soil
impact speed (V). The details of these regressions are reported in Appendix A, Tables
A7 and A8 for MWD and GMD, respectively.

This result can be explained by the increasing soil disaggregation with the relative speed
between the soil and rotors as the inertial force increases the overall soil reaction force
(McKyes, 1985; Salokhe et al., 1994; Upadhyay & Raheman, 2020b). Both regressions showed
relatively low R? values (0.57 for MWD-V;, and 0.46 for GMD-V;) due to the variability of
soil engineering properties, including soil bulk density, soil cohesion, internal friction angle,
soil moisture content, and soil shear strength (Abo Al-kheer, Eid, et al., 2011; Abo Al-kheer,

El-Hami, et al., 2011), the variability of the operational conditions, including tool working
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speed, and the fact that manually sieving the soil implies a certain variability. Additionally,
higher variability was observed from the configurations with working points far from the ideal
A value of 2.5, such as T1 and T5. Although T6 had a A value 3.4 times higher than the ideal
value for the implement used in this study, it did not show the high variability observed in T1
and T5. This is because V, was very low in T6, so despite the implement being worked far from
the ideal A value, the soil was worked for enough time to make it dimensionally homogeneous.
The values of k; and k, are highly correlated to MWD and GMD, as shown in the correlation
matrix in Fig. 7. As expected, observing the values of k, presented in Table 5 reveals that they
decrease with increasing MWD and GMD, while k, exhibits the opposite behaviour. The lowest
value of k,, 0.60, was registered in T1, followed by values that ranged from 0.68 to 0.70 for
T3, T4, and T5 and values over 0.89 for T2 and T6. T2 registered the maximum value of 1.05,
which is an optimal value for the seeding process (Natsis et al., 1999). The values of k, are
inversely proportional to k,; the trials that registered the lowest values were T2 (0.29) and T6
(0.30). In T1, the value of kg was 0.45, meaning that only 55% of the soil passed through the
31.5 mm sieve, revealing that the tilled soil still presented big clods, a condition that is
unsuitable for seeding. In summary, from an agronomic point of view, the best configurations

were T2 and T6 because they showed high k, values and low k values.

3.3. Operational feasibility correlated with soil aggregate dimensions and energetic
demand

Considering the results obtained in Ssection 3.2, V;¢ strongly influences the soil aggregate
dimensions and operational efficiency. However, from a practical perspective, this parameter
can be difficult to achieve because it is not immediately available to the operator who is
performing the harrowing operation. To solve this problem, Nataraj et al.(2021) developed a

wheel slip and velocity ratio warning system for rotary tillage tools, however these kind of
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systems are not very widespread. Typically, the operator selects the V; and n,, values to adopt
based on their previous experiences with the same contour conditions or by performing some
preliminary passes to find acceptable working conditions. In particular, the choice of V; is of
paramount importance from an economic point of view as it is directly related to F. (Eq. 10),
which defines the duration of the operation, and f;,,(EQ. 11), which defines its costs. However,
adjustments made with the aforementioned methodologies are unlikely to find the optimum
condition that is economically and environmentally sustainable while simultaneously ensuring
an optimum level of soil fragmentation. So, the trials performed at the same V, with different
i, (and, consequently, different A and ;) were grouped in Table 6 to highlight any significant

differences in terms of their energetic and soil fragmentation indicators.

Table 6 Trial tertiles as functions of V,

Group Tests ¥, [kmh'] AV, [kmh?] [revr;l::i}:,]-l] !
Low speed (LS) Ig Zg 0.3 41123 ;Z;
Medium speed (MS) 12 gg 0.3 g:; gg;
High speed (HS) E 22 0.0 ;21&2.) ;2;

The comparison between the MWD, E, f , and f3,, values are reported in the bar graphs shown
in Fig. 13 for the LS, MS, and HS terciles. The GMD, k; and k. were excluded from the analysis
to improve its readability as their behaviours were proportional to MWD, as shown in section

3.2. The detailed results of these one-way ANOVA tests are reported in Appendix B.
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Fig. 13. MWD, the energy required to process 1 m® of tilled soil (E) and the fuel rate (f)
values for the low speed (LS), medium speed (MS), and high speed (HS) terciles. The
error bars represent the standard deviations. The details of the one-way ANOVA test
results are reported in Appendix B, Tables B1 to B9.

As expected, at similar V, values, the significant differences in n,, between the
configurations caused significant differences in the mean values between the pairs of
configurations, confirmed by the results of the ANOVA test. In particular, the MWD value of
T4 is 16% higher than that of T6, while, the E value of T4 is 52% lower than that of T6. The
fra Value of 46.6 | ha that was recorded in T6, which has an extremely high A value, is
economically and environmentally unsustainable, despite the suitability of the obtained soil
particle size for further agricultural operations.

In the MS group, no significant difference was found in terms of MWD, so the obtained soil
particle size was similar in the two configurations. However, T3 requires 22% less energy to

till the same volume of soil due to its lower A value. This leads to a mean value of 25.0 L hat,
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which is 2.6 L ha lower than the value registered in T5. Thus, there are no economic or
environmental reasons to prefer the T5 configuration over T3.

The ANOVA test performed on the HS group showed a significant difference in terms of
MWD and E between the two configurations due to their different A values. The mean MWD
value in T1 is 28% higher than that in T2, while E in T1 was 10% lower than in T2. However,
both configurations showed almost identical mean f;,, values, with 18.6 L ha for T1 and 18.9
L ha? for T2. This leads to the conclusion that T2 was the overall best configuration,

simultaneously ensuring the best soil disaggregation and a very low value of f;,,.

4. Conclusions

Many farmers conduct tillage operations as routine practice, unaware of the effects of these
practices on the quality of the seedbed and their operational efficiency. Farmers must know
how to adequately set up their machinery; otherwise, all the efforts of manufacturers and
researchers are of limited utility. This paper presents the results of an extensive in-field
experimental campaign in which several indicators of a tractor—power harrow system and the
seedbed quality were monitored under different working conditions. The tests consisted of six
different field operation configurations performed to achieve varying A, from a theoretical
minimum value of 1.46 to a theoretical maximum value of 7.90. A Spearman’s correlation
matrix revealed several significant correlations between the investigated indicators. An
interesting result is that a significant operational efficiency improvement, around 25%, was
obtained as the power absorbed by the power harrow and the implement—soil impact speed
moved from lower to higher values. Moreover, the fuel consumption per hectare was found to
linearly increase with the velocity ratio, with a difference in the mean values of the two most

extreme tested configurations of 25.0 L ha. That said, the value of A was not correlated to the
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soil fragmentation indicators. These were instead correlated with the implement—soil impact
speed. Indeed, high implement—soil impact speeds reduce the soil aggregate size.

In summary, the optimum conditions to ensure a high-quality seedbed are obtained with high
implement—soil impact speeds and the lowest possible A values to reduce the fuel consumption
per hectare. In practice, extremely low A values are unreachable at high implement—soil impact
speeds as extremely high tractor speeds would become necessary and these are limited by the
tractor—power harrow system and soil characteristics. Moreover, extremely low A values should
be avoided because the power harrow would then work almost as a passive implement, creating
the potential to overstress the rotor bearings. The results presented in this paper will be useful
for the development of new variable-rate tillage implements, a topic of high interest in recent
years (Mohammadi et al., 2022). The ongoing challenge is to achieve more homogenous
aggregate sizes over fields with heterogeneous soil properties during seedbed preparation

(Riegler-Nurscher et al., 2020).
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Appendix A

In this appendix are reported the details of the regression curves presented in section 3.2 of this

paper

Table A1 Goodness of fit of D as a function of V,

Parameter

Value

Model equation

Fitting Method

pl (95% confidence bounds)
p2 (95% confidence bounds)
SSE

RZ

RMSE

Number of outliers

D =plV, +p2
Linear least squares
0.67 (0.42, 0.93)
15.60 (14.56, 16.63)
10.43
0.61
0.72
1

Table A2 Goodness of fit of P, as a function of V,

Parameter

Value

Model equation

Fitting Method

pl (95% confidence bounds)
p2 (95% confidence bounds)
SSE

RZ

RMSE

Number of outliers

P, =plV, +p2
Linear least squares
5.61 (5.22, 5.99)
-2.00 (-3.63, -0.38)
28.0
0.98
1.15
0

Table A3 Goodness of fit of Ppr, as a function of n,,

Parameter

Value

Model equation

Fitting Method

pl (95% confidence bounds)
p2 (95% confidence bounds)
p3 (95% confidence bounds)
SSE

RZ

RMSE

Number of outliers

Ppro = p1 nyp? + p2 nyp, + p3
Linear least squares
-2.77 10 (-4.00 104, -1.00 10™)
0.26 (0.17, 0.35)
-19.18 (-33.10, -5.25)
168.46
0.90
2.90
0
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666 Table A4 Goodness of fit of n as a function of P,,,

Parameter Value
Model equation N =plPpy” +p2 Py + 03
Fitting Method Linear least squares
p1 (95% confidence bounds) 1.00 10° (1.00 104, 1.00 104
p2 (95% confidence bounds) -6.12 103 (-1.05 102, -1.70 103
p3 (95% confidence bounds) 0.56 (0.47, 0.66)
SSE 3.3010°3
R? 0.92
RMSE 1.33 107
Number of outliers 1
667 Table A5 Goodness of fit of n as a function of V
Parameter Value
Model equation n =pl Vi + p2
Fitting Method Linear least squares
p1 (95% confidence bounds) 1.38 102 (1.16 102, 1.61 107?)
p2 (95% confidence bounds) 3.3210%(2.98 107, 3.67 10%)
SSE 5.19 10°
R? 0.90
RMSE 1.65 10°
Number of outliers 2
668 Table A6 Goodness of fit of E as a function of 1
Parameter Value
Model equation E=plAi+p2
Fitting Method Linear least squares
pl (95% confidence bounds) 16.88 (15.20, 18.56)
p2 (95% confidence bounds) 57.52(50.93, 64.10
SSE 1.40 10°
R? 0.95
RMSE 8.17
Number of outliers 0

669
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Table A7 Goodness of fit of MWD as a function of V;

Parameter

Value

Model equation

Fitting Method

pl (95% confidence bounds)
p2 (95% confidence bounds)
SSE

RZ

RMSE

Number of outliers

MWD = plVig + p2
Linear least squares
-2.88 107 (-4.31 107, -1.44 10'Y)
20.81 (18.52, 23.12)
154
0.57
1.05
2

Table A8 Goodness of fit of GMD as a function of V;

Parameter

Value

Model equation

Fitting Method

pl (95% confidence bounds)
p2 (95% confidence bounds)
SSE

RZ

RMSE

Number of outliers

GMD = p1 Vs + p2
Linear least squares
-2.1510? (-3.50 10, -8.07 10?)
13.90 (11.75, 16.05)
13.5
0.46
9.82 101
2
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Appendix B

In this appendix are reported the details of the one way ANOVA tests presented in section 3.3

of this paper

Table B1 One way ANOVA test results for the MWD values between T4 and T6

Source SS df MS F p>F

Groups 9.44 1 9.44 8.70 0.042
Error 4.34 4 1.09 - -
Total 13.79 5 - - -

Table B2 One way ANOVA test results for the E values between T4 and T6

Source SS df MS F p>F

Groups 21457.84 1 21457.85 328.60 1.81 10°®
Error 391.80 6 65.30 - -
Total 21849.65 7 - - -

Table B3 One way ANOVA test results for the £ values between T4 and T6

Source SS df MS F p>F

Groups 193.26 1 193.26 255.81 3.7910°
Error 4.53 6 0.76 - -
Total 197.79 7 - - -

Table B4 One way ANOVA test results for the MWD values between T3 and T5

Source SS df MS F p>F
Groups 0.033 1 0.033 0.0098 0.92
Error 13.54 4 3.38 - -
Total 13.57 5 - - -

Table B5 One way ANOVA test results for the E values between T3 and T5

Source SS df MS F p>F

Groups 1650.36 1 1650.36 68.97 1.7 10*
Error 143.57 6 23.93 - -
Total 1793.94 7 - - -
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Table B6 One way ANOVA test results for the f values between T3 and T5

Source SS df MS F p>F
Groups 1.48 1 1.48 3.77 0.10
Error 2.35 6 0.39 - -
Total 3.83 7 - - -

Table B7 One way ANOVA test results for the MWD values between T1 and T2

Source SS df MS F p>F

Groups 26.19 1 26.19 11.65 0.027
Error 8.99 4 2.25 - -
Total 35.18 5 - - -

Table B8 One way ANOVA test results for the E values between T1 and T2

Source SS df MS F p>F

Groups 161.33 1 161.33 12.92 0.011
Error 74.90 6 12.48 - -
Total 236.23 7 - - -

Table B9 One way ANOVA test results for the £ values between T1 and T2

Source SS df MS F p>F
Groups 0.022 1 0.022 0.26 0.63
Error 0.52 6 0.087 - -
Total 0.55 7 - - -
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