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ABSTRACT 
 
It is usual practice to use the same wheel tractor for different agricultural field operations. As the agricultural soil is exposed to 
multiple loadings of the same magnitude in this situation, it is valuable to predict soil sinkage by multiple loadings so as to 
utilize the tractor power effectively with minimum compaction effects. For this purpose, the finite element method (FEM) was 
used to predict soil sinkage by multiple loadings (ten loadings) of a rectangular plate and a two-dimensional FEM program 
entitled PRESSINK was employed to perform required numerical calculations. The FEM analysis was finally verified through 
laboratory test. Results of the laboratory test proved that the FEM is a relatively accurate and powerful technique to predict 
soil sinkage by multiple loadings. Results of the study also indicated that the number of loadings noticeably affected soil 
sinkage. Moreover, the first three loadings caused critical soil sinkage and the amount of soil sinkage owing to the first three 
loadings was about 89% and 82% of the total soil sinkage based on the FEM analysis and laboratory test results, respectively. 
© 2010 Friends Science Publishers 
 
Key Words: Finite element method; Soil sinkage; Soil compaction; Multiple loadings; Elastoplastic; Drucker-Prager 
 

INTRODUCTION 
 

There are many concerns regarding the effects of soil 
compaction that impedes root growth (Al-Adawi & Reeder, 
1996). Soil compaction is a process through, which pore 
spaces are decreased (Defossez & Richard, 2002). Soil 
compaction can be caused by natural phenomena such as 
rainfall impact, soaking, internal water tension and the like. 
On the other hand, artificial soil compaction occurs by 
tractors and agricultural machines (McKyes, 1985). Soil 
compaction under tractors and agricultural machines is of 
special concern (Hakansson & Reeder, 1994; Abu-Hamdeh 
& Reeder, 2003). 

The main cause of soil compaction is soil sinkage 
imposed by wheels or tracks. Therefore, prediction of soil 
sinkage is incredibly important for determining soil 
compaction level (Abu-Hamdeh & Reeder, 2003). For the 
last five decades, prediction of soil sinkage has been of great 
interest to researchers in both agriculture and cross-country 
mobility and transport (Bekker, 1956; Reece, 1964; 
Hegedus, 1965; Kogure, 1983; Upadhyaya, 1989; 
Upadhyaya et al., 1993; Çakir et al., 1999; Defossez & 
Richard, 2002; Rashidi et al., 2005a & b; Rashidi et al., 
2006; Rashidi et al., 2007). 

Agricultural operations are dependent on wheel 
tractors as a source of traction power. Also, it is usual 
practice to use the same tractor for different operations. 

Therefore, a significant part of the field is exposed to 
multiple passes of wheels (Abebe et al., 1989). However, 
nearly all studies dealing with soil sinkage due to multiple 
passes of wheels (multiple loadings) have been 
experimental (Taylor et al., 1982; Koger et al., 1985; Wood 
& Wells, 1985; Abebe et al., 1989). 

Another approach is to utilize finite element method 
(FEM). The FEM is one of the most powerful techniques for 
the numerical solution of engineering problems (Hinton & 
Owen, 1979; Owen & Hinton, 1980; Naylor & Pande, 
1981). This method has been also used to solve soil 
mechanics problems during last 40 years (Rashidi et al., 
2005a & b; Rashidi et al., 2007). Moreover, the FEM suggests 
significant assure for modeling soil mechanical behavior. 
The FEM is able to model complex loading geometries and 
the required numerical calculations can be carried out 
without difficulty on a personal computer. Certainly, latest 
progresses in improvement of constitutive equations (stress-
strain relationships) and theory of plasticity have made the 
FEM a much more powerful method for modeling soil 
mechanical behavior. Consequently, the specific objectives 
of current study were to predict soil sinkage by multiple 
loadings using the FEM and to evaluate the FEM analysis 
results using laboratory tests. 
 

MATERIALS AND METHODS 
 

Material model development: In this study, the 
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elastoplastic material model was used to represent non-
linear stress-strain relationship of soil (Naylor & Pande, 
1981; Araya & Gao, 1995; Shen & Kushwaha, 1998; 
Mouazen & Nemenyi, 1999; Abu-Hamdeh & Reeder, 2003; 
Rashidi et al., 2005a & b; Rashidi et al., 2007). 
Governing equations development: The governing 
equations were be obtained by using the principle of virtual 
work (Owen & Hinton, 1980; Shen & Kushwaha, 1998; 
Rashidi et al., 2005 a & b; Rashidi et al., 2007). 
FEM program development: A plane-stress, plane-strain 
and axisymmetric FEM program (PRESSINK) written by 
Rashidi et al. (2005a) was employed to perform required 
numerical calculations. 
Test unit development: A test unit was constructed to 
study soil sinkage by multiple loadings. A self-explanatory 
schematic picture of the test unit is presented in Fig. 1. The 
test unit contains a soil bin and a rectangular sinkage plate. 
The soil bin utilized in the test unit was 250 mm long, 250 
mm wide and 250 mm high. Dimensions of the rectangular 
sinkage plate were 40 mm width and 60 mm length. Note 
that the aspect ratio (length/width) of the rectangular plate 
was 1.5, which is similar to the ones expected for the wheel-
soil contact areas (for tracks long narrow rectangular 
sinkage plates are recommended). The aspect ratio of a 
wheel/track-soil contact area can be defined as the length of 
the contact area divided by the width of the contact area. 
FEM analysis: The FEM analysis was based on the 
assumptions that the wheel-soil contact area can be 
approximated by a rectangular region and the wheel contact 
pressure is uniformly distributed over the rectangular region. 
These assumptions helped to reduce the elaborations of the 
problem by allowing it to be analyzed as a plane-stress 
(two-dimensional) problem rather than a three-dimensional 
problem. Also, the FEM analysis was performed to simulate 
the same conditions of the soil-rectangular plate system 
illustrated in the test unit (Fig. 1). In order to predict soil 
sinkage due to multiple loadings of the rectangular plate, a 
two-dimensional FEM mesh (Fig. 2) was generated within a 
rectangle 200 mm long and 125 mm wide. The total number 
of nodal points and elements were 367 and 108, 
respectively. The eight-node serendipity elements were 
chosen as they provide more truthful results for bigger mesh 
sizes (Fielke, 1999). Because the symmetry about the 
vertical axis AB, one half of the soil-rectangular plate 
system was meshed and analyzed. The rectangular plate was 
assumed to be a rigid body and the loading was distributed 
uniformly over the top left-side three elements. The soil 
mechanical properties used for the FEM analysis of soil-
rectangular plate system are shown in Table I. Appropriate 
boundary conditions, initial values and nodal and elemental 
information were other required data for the FEM analysis. 
The load application on the FEM model was simulated in an 
incremental method. For each increment, the displacement 
of each nodal point was computed. This process was 
continued until the total pressure of 200 kPa was 
monotonically applied in increments of 40 kPa. At this 

point, the soil was un-loaded in one step to complete the 
simulation of the first loading and un-loading cycle. 
Successive loading and un-loading cycles were simulated by 
reloading and un-loading in one step. Loading and un-
loading was done ten times and at the end of each loading 
and un-loading cycle, the total displacement of each nodal 
point was obtained. 
Laboratory test: Laboratory test was performed to verify 
the prediction of soil sinkage by multiple loadings using the 
FEM. A sandy-loam soil was chosen for characterizing the 
agricultural soil. The sandy-loam soil was consisted of 33% 
sand, 45% silt and 22% clay. To prepare soil bin, as a first 
step, soil was sieved through a 4-mm mesh sieve. Then, to 
attain an even soil moisture distribution, the soil was 
damped and covered with a plastic sheet during the night. 
The soil moisture content on dry basis was about 18%, 
which made the soil to be in an arable condition as in the 
field. The soil was then fitted to the soil bin in five layers of 
60 mm and each layer was compacted 20 mm using a 
wooden packer piston with the aid of a hydraulic press until 
the soil bin became full up to 200 mm. The soil bulk density 
of 1.70 g cm-3 (on wet basis) was determined before 
multiple loadings tests. Then, for each test run, the 
rectangular sinkage plate was loaded incrementally up to 
about 200 kPa in increments of 40 kPa. This process was 
continued until the total pressure of 200 kPa was applied 
monotonically (Fig. 3). After that, the soil was un-loaded 
(Fig. 4) in one step to complete the first loading and un-
loading cycle and at the same time the sinkage depth of the 
rectangular plate was measured using the displacement 
sensor. Successive reloading (Fig. 5) and un-loading cycles 
were repeated ten times and at the end of each loading and 
un-loading cycle, the sinkage depth was measured. Applied 
loads were measured by HBM-Q3 model load cell and at 
the same time downwards displacements (soil sinkage 
values) were measured with HBM-W100 model LVDT 
(Linear Variable Differential Transducer). Both instruments 
were connected to an amplifier and to a personal computer 
equipped with an AD card to amplify and record each test 
outputs (Fig. 6). Also, multiple loadings test was replicated 
three times and mean of the measured soil sinkage values 
was used for statistical analyses. 
Statistical analysis: A linear regression with zero intercept 
was carried out to verify the validity of the FEM analysis 
results. Also, to check the discrepancies between the FEM 
analysis results and results of the laboratory test, RMSE 
(root mean squared error) and MRPD (mean relative 
percentage deviation) were calculated as (Rashidi et al., 
2005a & b; Rashidi et al., 2007): 
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Where:  
MRPD = mean relative percentage deviation, %. 

 
RESULTS AND DISCUSSION 
 

The soil sinkage values under the rectangular plate as 
related to number of loadings, which were predicted using 
the FEM analysis are indicated in Fig. 7. The FEM analysis 
results indicated that the soil sinkage value due to the first 
loading was larger than the soil sinkage values caused by 
other loadings. These results also showed that the total soil 
sinkage owing to the ten loadings was chiefly influenced by 
the first loading which caused almost 60% of it. Moreover, 
second and third loadings caused nearly 22% and 7% of the 
total soil sinkage, respectively. Based on the FEM analysis 
results, the first three loadings were critical and the amount 
of soil sinkage due to the first three loadings was about 89% 
of the total soil sinkage. According to the FEM analysis 
results, remaining loadings i.e., forth to tenth loadings 
altogether caused only 11% of the total soil sinkage. 

The soil sinkage values under the rectangular plate as 
related to number of loadings, which were measured using 
through the laboratory test are also demonstrated in Fig. 7. 
Results of the laboratory test confirmed that the soil sinkage 
value owing to the first loading was larger than the soil 
sinkage values caused by other loadings. These results also 
proved that the total soil sinkage due to the ten loadings was 
chiefly influenced by the first loading, which caused 
approximately 57% of it. Furthermore, second and third 
loadings caused just about 19 and 6% of the total soil 
sinkage, respectively. Based on the laboratory test results, 
the first three loadings were critical too and the amount of 
soil sinkage due to the first three loadings was about 82% of 
the total soil sinkage. Based on the laboratory test results, 
remaining loadings i.e., forth to tenth loadings in total 
caused only 18% of the total soil sinkage. 

By comparing two curves, it was concluded that the 
FEM analysis and the laboratory test gave identical results. 
To verify the validity of the FEM analysis results a linear 
regression with zero intercept was carried out. The soil 
sinkage values under the rectangular plate as related to 
number of loadings predicted using the FEM analysis and 
those measured through the laboratory test were plotted 
against each other and fitted with a linear equation with zero 
intercept (Fig. 8). The slope of the line of best fit and its co-

efficient of determination (R2) were 0.9032 and 0.9942, 
respectively. Moreover, to check the discrepancies between 
the FEM analysis results and results of the laboratory test, 
RMSE and MRPD were calculated. The amounts of RMSE 
and MRPD were 9.6 mm and 11.1%, respectively. 

Such negligible discrepancies between the FEM 
analysis results and results of the laboratory test probably 
stem from precision modeling of soil behavior. These 
results are in line with those of Mouazen and Nemenyi 
(1999) and Abu-Hamdeh and Reeder (2003), who 
concluded that both material and geometrical non-linearity 

Fig. 1: Test unit 
 

 

 
Fig. 2: Two-dimensional FEM mesh of the soil-
rectangular plate system 
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govern soil deformations. These results are also in 
agreement with those of Rashidi et al. (2005a & b) and 
Rashidi et al. (2007), who concluded that to correctly 
predict soil mechanical behavior, material and geometrical 
non-linearity should be accounted. 

CONCLUSION 
 

Prediction of soil sinkage by multiple loadings using 
the FEM analysis and evaluation of the FEM analysis 
results through laboratory test proved that the FEM is a 

Fig. 3: Loading process 
 
 

 
Fig. 4: Unloading process 
 
 

 
Fig. 5: Reloading process 
 
 

Fig. 6: Data acquisition system 
 

 

 
Fig. 7: Soil sinkage values under the rectangular plate 
as related to number of loadings predicted using the 
FEM analysis in compared with those measured 
through the laboratory test 
 
 

 
Fig. 8: Soil sinkage values predicted using the FEM 
analysis and soil sinkage values measured through the 
laboratory test are plotted against each other and fitted 
with a linear equation with zero intercept 
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relatively accurate and powerful technique to predict soil 
sinkage by multiple loadings. Also, the first three loadings 
caused critical soil sinkage and the amount of soil sinkage 
due to the first three loadings was about 89% and 82% of 
the total soil sinkage based on the FEM analysis and 
laboratory test results, respectively. 
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Table I: Soil mechanical properties used for the FEM 
analysis of the soil-rectangular plate system 
 
Soil mechanical property Symbol Unit Amount 
Modulus of elasticity E MPa 150
Poisson’s ratio ν --- 0.3
Cohesion c kPa 80
Angle of internal friction φ deg 30


