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Abstract: Soil compaction is an important physical limitirecfor for the root growth and
plant emergence and is one of the major causesetlurced crop yield worldwide. The
objective of this study was to generate 2D/3D soinpaction maps for different depth
layers of the soil. To do so, a soil penetrometas wWesigned, which was mounted on the
three-point hitch of an agricultural tractor, catisig of a mechanical system, data
acquisition system (DAS), and 2D/3D imaging andlysis software. The system was
successfully tested in field conditions, measusog penetration resistances as a function
of depth from 0 to 40 cm at 1 cm intervals. Thewafe allows user to either tabulate the
measured quantities or generate maps as soonasalkgction has been terminated. The
system may also incorporate GPS data to createejexenced soil maps. The software
enables the user to graph penetration resistan@specified coordinate. Alternately, soil
compaction maps could be generated using datactadldrom multiple coordinates. The
data could be automatically stratified to deternmsné compaction distribution at different
layers of 5, 10,...., 40 cm depths. It was conclutted the system tested in this study
could be used to assess the soil compaction atbit@sl the randomly distributed hardpan
formations just below the common tillage depthsalding visualization of spatial
variability through the imaging software.
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1. Introduction

Soil examination techniques in the field have bestely used for many centuries. They are used
for evaluating the quality of land, for studiessoiil genesis, soil compaction, erosion control, #ord
tilage management [1]. Soil compaction is an intgatr physical limiting factor for the root growth
and plant emergence, decreasing crop productiotdwiate. It is often caused by heavy axle loads of
agricultural machines such as tractors and seligiled harvesters as well as other equipment used i
agro-technical operations during planting and vegmt. Soil compaction may significantly debilitate
the production capacity of soil by reducing pomgsitreating obstacles to air, water, nutrient
movements and root penetration [2, 3]. In additswil, compaction reduces rate of leaf appearande an
ground cover expansion, shortened canopy covertidorand restricted light interception, which
combined to reduce tuber yield [4]. Reductionsrairgyyield attributable to soil compaction for seale
climate and crops in a wide range of soils fromdsato heavy clays [5-9]. Moreover, the subsoil
becomes a compacted soil layer which prevents viiaisr infiltrating into deeper layers, resulting in
reduced porosity at topsoil and decreased yiel@k [Dherefore, researchers are interested in fagusi
on subsoil compaction and the methods of tillagedotrol the compacted layer [11, 12]lthough
some researchers show no statistical conclusiofd dmi drawn on the effect of subsoiling on crop
yields [13], the soil compaction should be mappiogreduce draft force. Site-specific subsoiling
resulted in 59% and 35% reduced draft force instiadlow depth hardpan plots (25 cm) and medium
depth hardpan plots (35 cm), respectively, compé&redhiform deep subsoiling conducted at 45 cm
depth reported by Raper et. al., [14].

Soil compaction is commonly expressed as penetratgistance (PR) measured by a soil cone
penetrometer. A simple penetrometer is a penetratid having a conical tip with a force sensor,
which may be a strain-gauge or piezoelectric loaldl [45]. PR is defined as the penetration force
divided by a standard cone base area during thetyagion of the soil with a standard soil cone
penetrometer at a constant penetration rate [1&¢. Standard penetrometer cone has “acdde tip
angle and a 2.54 mm base diameter. The penetratieris also standardized as 30 mm Although
there is more than one method to assess soil cdimpathe most convenient method for most
researchers in field conditions for monitoring @sdessing soil compaction has long been using hand-
held penetrometers. Thus, the accuracy of PR memasuts is highly related to the ability to maintain
a constant probe speed.

Penetration resistance measurements are usuallgdeio soil moisture content and bulk density.
Therefore, researchers developed models to raddtecsnpaction to dry bulk density and soil moigtur
content [17-19]. Geostatistics in a study revedhed the most variable soil property was PR whereas
the least varying parameter was the soil bulk dgfi2d]. Geostatistical techniques can also be tised
interpolate PR data to produce three-dimensiongdsm8ome studies show that PR randomly varies
across the fields [21]. In practice, however, ailley enough point data with high accuracy across a
whole field, so that geo-referenced soil compactimeps can be produced, requires long time and
excessive efforts. Recently, studies focus moréheruse of hydraulically driven penetrometers with
electronic kits for mapping soil compaction [3]. €Tlsoil compaction maps allow researchers and
farmers to pin out where exactly the soil compactocurs [3]. Thus the farmer can observe how soill
compaction varies at different locations and depmtbiss the field. This information is critical in
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decision making process for site-specific appl@adi such as variable deep tillage to benefit from
increased timeliness and reduced management costs.

The objective of this study is to describe the hend and software that have been developed, and
then testing the system to justify the system'diegdulity. This system instantaneously generatbs 2
and 3D soil compaction maps through a data coieciind mapping software developed specifically
for this study.

2. Materials and Methods
2.1. System Design

The three dimensional soil compaction mapping pfoce consists of 3 layers: Physical layer
consisting of mechanical parts and sensors, daaisaton system (DAS) layer controlled by a micro
processor, and 2D/3D imaging and analysis softwayer. Physical layer includes a standard
penetrometer driven by hydraulic system of tracg@nsors and mechanical controls. DAS layer
includes MCU controlled data collection and segueiintrols. The 2D/3D imaging and analysis layer
includes required imaging, analyzing and reportiggnbedded analyzing is ensured instead of
analyzing the results of point measurements as sesmilar studies and real time assessment in
designing system. The general structure of theesyshat was designed specifically for measuring soi
compaction and real-time mapping is showed in FEdur

Figure 1. Structure of penetration resistance measuremehinapping system.
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2.1.1. Physical layer

The PR measurements with a tractor hydraulics drpenetrometer were used for soil compaction
mapping [22]. The electronic penetrometer mountedihe tractor consists of a load-cell, a depth
sensor, DAS and a notebook (Figure 2). The hydracjiinder is powered by timing gears and
couplings, which are located in a hydraulic pumpe il flow of the pump depends on the tractor
engine speed and at 1400 rpm oil flow through tkaefrometer hydraulic cylinder provides the
penetrometer tip a constant and standard penetratie. Because the standard penetration ratesof th



Sensors 2008 8 3450

penetrometer is 30 mm per second and the maximumatiadion depth is 40cm, taking data from a
location takes 13.3 seconds, which is a very dimog For a standard penetration rate, oil flow for the
cylinder is 2.26 L mift and the oil pressure for the cylinder is 30.8 bahe oil flow is controlled by a
two-way check valve which has a maximum oil pressafr210 bars and maximum flow rate of 1.54 L
min [23].

The soil depth sensor was made using multiturrstasce (trimpot), which is a roller pulley with a
belt drive. When the hydraulic piston pushes theepemeter rod, the cone starts to penetrate tihe so
at a constant speed. When the penetration startaatic belt turns the small pulley that generate
electronic signal. The force sensor is an S-typadl@ell placed between the piston and the
penetrometer rod. The load cell of the force transdis a Wheatstone bridge circuit that needs®bV t
excite and to reach an electronic balance. Thestidle measurement interval of the circuit is 20mV,
which corresponds to a 500 kg load with a measunésensitivity of 0.007 kg. The calibration of the
load cell was performed by exerting loads in labmgacondition. Calibration result of the force sen
shows that there exists an exact linearity €R0.999973) between the output of the force seandr
the exerted force ranging from 0 to 500 KMghen a penetration force is exerted on the core, th
electronic balance of the bridge circuit changed #me circuit produces output signals that are
amplified and converted into digital signal foribahtion [24].

Previous researches showed that hydraulically dripenetrometer could be used for acquiring
accurate soil PR values. The difference of thislystis to develop more quick data acquisition with
USB port and to generate 2D and 3D soil compactiaps through these data.

Figure 2. Hydraulically driven penetrometer mounted on thiethof the tractor
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2.1.2. Data acquisition system (DAS)

The DAS was designed to process the signals achjfriven the load-cell and depth sensor and to
control the mechanical system (Figure 3). Signaken from the load cell are converted into digital
signal through an amplifier, a 50-60 Hz notch fil@d a 24 bit sigma-delta ADC. The signals reakive
from depth sensor are filtered from the noises fthentractor and white noise with use of a low-pass
filter (LPF). Digital inputs are used for controlj mechanical system able to intervene in emergency
situations. Total measurement capacity is desifmeti® sampling data.

Figure 3. Block diagram of DAS.

50Hz, 60Hz Suppressor

M Amplification and Signal -
Conditioning / And Narrow Band Filter

E
C — ADC [Digital M

» — > 24Bit | C
H Force
A U

Line usB
: ] ADC | Digital § N -—> b
I ] bepth > ; 12Bit —> Drivers | RS232 @
n
c SENSORS i
A Power
L | Control Outs using . Digital t
~ Solenoid Valves <] D Out

Data collection unit pulls back penetrometer rotbmatically in overload cases and consequently
prevents load-cell from damaging and also previota inaccurate measurements. The measurement
depth can be set by the operator. DAS triggerpraitedures with the commands from PC software.
These are triggering and stopping the measuremeniimum depth, maximum force, calibration and
time interval commands.

2.1.3. PR 2D/3D —mapping and analysis software

Abbreviated flow chart of the Soil Compaction Me&suent Software (SCMS) is shown in Figure
4. The software runs in MS windows XP medium andies out the following functions:

a. Definition of the field surface, determinatidiveference points with GPS

b. Measurement of related attributes

c. Digital filtering with DSP (Digital Signal Prossing) procedures

d. Creating visual data for one cm depth intervith the help of 2D/3D Digital Image Processing
(DIP) methods

e. Reporting (export for Excel and MATLAB)
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Figure 4. Flow chart of software of DAS.
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The area within the specified coordinates may berimed to the software by gridding in desired
intervals according to the nature of the soil. lefttom is assigned to be the reference so that-the
coordinate system could be used easily. The foligwiontrol functions were used in the SCMS:

a. Approval of the operator for the measuremeneach cell: This procedure is important
especially for proper alignment of the probe areldbne with the soil surface, allowing instant aisu
checking for hard objects before the cone stamefpating the soil.
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b. Interrupting the recording process when the cammunters hard matters such as stones that
could cause erroneous measurements.

c. Averaging multiple measurements for each datometluce standard deviation in measured
quantities and for eliminating outliers.

d. Scaling force sensor data taken from differeyths of the field according to the same color
scale.

The SCMS consists of Free Run, Measurement, Com@eteap, and GPS menus. Free Run is used
when measurement is conducted at a point withadrdeng. Any point may be monitored to make
sure that the probe is at a pre-determined oretbécation. Data that were obtained from this menu
however, are not used for mapping. Measurement nieciudes start, stop, load, save, and their
configurations. Also, it ensures the input of xepadinates of grid points if GPS is not used.

Data are analyzed to perform 2D/3D mapping in Campoenu. In this part, data from the force
sensor may be filtered, if desired, by selecting ohthe filtering arrangements, namely 50 Hz iibéin
impulse response (lIR) filter, 50 Hz LPF and avergdilter. PR values are calculated depending on
the measured force and cone area, and eventugligssed in kPa (eq. 1).

_ Force(N)
~ Cone_ Area(n’) (1)

Interpretation of the variation of soil compactidimroughout the field is easier via graphical
representation and by creating a color scale basdte range of measured values. 2D and 3D graphs
are generated after field measurements have beeple®d. Scaling is done in such a way that blue
shows the lowest compaction range and violet shbedighest compaction in the image. Numerical
values corresponding to each color are also gineAD and 3D graphics. These data can also be
tabulated on the screen without generating the estign maps. 2D functions used in the SCMS are
as follows:

a. Displaying measurements at cm intervals: PReglfor each cm depth are displayed on 2
dimensional graphics according to the color sdaépth up to 40 cm can be examined by this method.

b. Calculating overall mean at a location: PR valtia cell is determined by calculating the mean
of all measurements at each location on each gqd2).

- 1 N
R=JZPR @
c. Derivation for determining variations: This ftionn analyzes PR variations in a grid with
respect to the neighboring grids. Thus, variatiope of compaction can be displayed on a graph. To
display variations of PR, directional derivativetiwthe Laplacian filters are used suchA&R ]

diagonal (eq. 3)B[PR,, horizontal, C[PR,, [(eq. 4), vertical (eq. 5). Magnitude of PR values

shown as X in eq. 6 are applied and calculateddstical, horizontal and diagonal Laplacian filters
[25].
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X =+ A*+B?+C? (6)

3D mapping is similar to 2D, incorporating the tiadie in the graphs thereby displaying
measurements at cm intervals in 3D.

Outliers caused by stone and hard objects from tpaneter should be eliminated to reduce
measurement errors. Potential outliers were elitathan point measurements through the examination
of standard deviations. The standard deviation taedmean were calculated using eqs. 7-8 and the

data outside ®2 range were ignored (eq. 9).

N —
”:Jﬁﬁéﬁ‘Nxﬂ (7)
— 1 N
X=3a% (8)
X >X+25, % < X-20 (9)

2.2. Experimental site

In November 2007 the PR tests were carried out ahag soil (clay 58%, sand %24, silt 18)
heavy conditions at the Uludag University Resedfenm, in Bursa-Turkey (longitude 28:98 E;
latitude 40:22 N, altitude 122.5 m). The measurdmevere done following two year rotation of
rapeseed. The average soil moisture content (dsg)baas determined to be 24.79% with three

replicates.

2.3. Data collection

The research field was selected as a flat andnmgglar shape (27*39 m). The field was divided into
plots with 3*2 m and marked for penetration measwaets. The coordinates of plots are indicated by
lap and index numbers on the SCMS. The DAS samffdediata for each centimeter. A total 180 point
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of PR measurements was obtained for soil compactiapping. Then, SCM compiled the measured
data for 2D/3D soil compaction mapping at 5 cmrives from 0-40 cm.

3. Results and Discussion

2D representations of measured penetration resesteadues can be seen in Figures. 5 and 6. Figure
5 depicts measurement depth in x-axis and permtragsistance in y-axis. The PR values keep
increasing at a constant rate up to 15 cm wherdeasrieasured values do not vary significantly
between 15 and 23 cm, followed by a second risdoup0O centimeters. Similar trends could be
observed in all cultivated soils in that hardpaours below the tillage depth which is usually abatb
30-35 cm. The small fluctuations without a risemeasurements from 15 to 25 cm may be explained
by the fact that soil was tilled using a primarifaie equipment that loosened the topsoil. The
increasing PR values from 0 to 15 cm were probdbky to the fact that the field traffic followed by
tilage operation caused compaction at the topalbiéit loosened during tillage operations. The soil
bulk density also increases with increasing depghulting in reduced porosity and hence increased
compaction at these layers.

An average PR of 2 MPa is usually accepted to bethiheshold penetration resistance for most
crops, which impedes root growth and causes redyiett! It can be observed in Figure 5 that thé soi
compaction was close to the limiting PR value abub30 cm depth. Therefore graphical
representation of PR as a function of depth sucth@one shown in Figure 5 is very informative.
Nevertheless, this graph relates only to one filation. Such plots need to be generated for all
coordinates, from which data have been collectedsacthe field. More insight, however, could be
gained by examining the distribution of PR rath&art inspecting individual coordinates, requiring a
2D graphical representation.

Figure 5. Measurement menu of the SCMS and plot of meadRiredalues for all layers.
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Measured quantities at each location in the fieltenaveraged over five measurements to create
eight layers from 0 to 40 cm (0-5 cm, 5-10 cm, .5;4® cm), and a 2D soil compaction map was
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generated for each layer as shown in Figure 6 whehg four out of eight layers were shown for
simplicity. The soil compaction in these soil layevere marked with different color scales. The
designed color scale depends upon the minimum aadinmum measured PR values in the
corresponding layer. In Figure 5a, variation frone@rid to another did not seem to be important. As
the depth increased, however, the variation withe same layer became more apparent, implying
more random fluctuations in PR values across thle.fiThe 2D graph of soil compaction becomes
useful at this point in that coordinate tagged RRi@s make it possible especially to determineoregi
that shall be considered for deep tillage to bréad hardpan. The drawback of 2D graphical
representation hence is the need for creating warayers to be examined so that all problem areas
could be identified.

Figure 6. 2D soil compaction mapping for various soil layers
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3D graphics of soil compaction might provide a waiswbservation for compacted soil zones
without the need for creating multiple graphicgy(ffe 7). Such a graph not only shows the distriouti
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of penetration resistances over the field but digplthe magnitude of penetration as a function of
depth. Figure 7 shows all data points at all demthhe experimental site. It can be observed that
penetration resistances at some locations are abimwethreshold of 2 MPa. 3D graph of PR
distribution seems handy in that specific regiorposed to compaction greater than the threshold
could be easily monitored by examining a singlegieal display.

The system can incorporate GPS data to generateefgrenced mapping. GPS, however, was not
used in the field experiments because the measo@dinates were too close to differentiate between
adjacent locations using an ordinary positioningtesyi. GPS recordings not only provides necessary
data for geo-referenced mapping but also estalslishieaseline to mark coordinates so that temporal
variations could be determined by acquiring datanfrthe same locations at different times. Once
compacted layers and depths have been identifigd,intance, site-specific soil tillage can be
practiced. The system tested in this study, howewas not designed for guiding variable-rate
applicators, but can be utilized as a decision suppystem to determine spatial variations of
penetration resistance.

Figure 7. 3D graphical display of penetration resistancesxi defined area in a field.
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4. Conclusions

The followings could be concluded as a result of shudy:

a. The penetrometer mounted on the three-poinh tofcthe tractor was driven by the tractor
hydraulics. The system increased the speed ofatdiiection and hence increased the field efficiency
significantly compared to hand-held penetrometers.

b. Spatial variations in soil penetration resiseamoake it difficult to accomplish a constant
penetration speed using hand-held penetrometerdtirgy in random errors that can not be eliminated
The operator errors were eliminated in this stuslyesult of a standard penetration speed of 3tm s

c. The software used in this study incorporatestiposdata using a GPS receiver and can be used
either to tabulate soil compaction data or plopggsain 2D or 3D, providing immediate visual insight
on the level of spatial variation of soil compantio
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d. The instant geo-referenced compaction graphamgreduce post-processing time of penetration

resistance data and could be used to determindangas need different tillage treatments.

Future studies on this system shall focus onpmgpproblem areas (locations suffering from

compaction with PR>2 MPa) and then try to managdieréint zones accordingly with DPGS guided
variable rate tillage equipment.
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