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Abstract 

Understanding soil deformation dynamics is critical in various fields, such as off-road vehicle mobility, 
agriculture, and soil mechanics. In particular, evaluating soil-tire interactions is essential for optimizing energy 
consumption and minimizing the negative effects of soil compaction. This study investigates the effect of soil 
deformation rates on the pressure-sinkage relationship and energy consumption using a controlled soil bin 
environment and a bevameter system. The primary objective of the study is to examine how different traffic 
levels and varying penetration rates influence the energy required to achieve specific sinkage depths. The study 
employed a completely randomized block design, with each treatment replicated three times to ensure precision 
and reliability. Quantitative measurements were obtained using a load cell attached to a bevameter, capturing the 
forces at a sampling frequency of 30 Hz. Results demonstrated a significant influence of both traffic level and 
penetration velocity on soil resistance and energy consumption. For the larger plate, the pressure required for 
penetration increased with higher velocities and traffic levels. At the highest velocity (45 mm s-1) and with 8 
passes, the pressure needed for sinkage was maximal. The energy consumption for each scenario was calculated 
by integrating the area under the force-sinkage curve. The analysis of variance (ANOVA) revealed that the 
number of wheel passes, plate size, and penetration velocity significantly affected energy consumption. At the 
highest sinkage depth (60 mm), the energy consumption for the larger plate at 45 mm s-1 and with 8 passes was 
nearly double that of the smaller plate. These results emphasize the importance of considering both traffic-
induced compaction and velocity when designing off-road vehicles or agricultural machinery that interact with 
deformable terrains. 
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Introduction 1 

The understanding of soil deformation 
holds paramount importance in various fields, 
such as soil mechanics, traction theory, soil 
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compaction, and sustainable agriculture 
practices. The dynamics of soil deformation 
are inherently complex, particularly when 
considering the interaction between off-road 
vehicles and soil, which typically exhibits 
dynamic behavior (Golanbari & Mardani, 
2024; Majdoubi, Masmoudi, & Elharif, 2024). 
The quality of soil deformation is influenced 
by factors such as load parameters, device 
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geometry, and the dynamic characteristics of 
soil interaction (Golanbari & Mardani, 2023; 
Taheri & Tatsuoka, 2015). Moreover, an in-
depth study of soil deformation dynamics is 
indispensable for practitioners, such as 
agricultural workers and off-road vehicle 
operators, who encounter diverse and often 
unfamiliar terrain conditions during their 
operations (Gonzalez & Iagnemma, 2018). 
The main advantage with a bevameter is that it 
is designed to measure several parameters with 
the same equipment (Mardani & Golanbari, 
2024). Earl and Alexandrou (2001) used a 
tractor-mounted bevameter for outdoor 
measurement of soil pressure-sinkage 
parameters using three different shapes of 
pressure plates. 

The study conducted by Taghavifar and 
Mardani (2014) investigated the influence of 
tire characteristics on energy consumption 
management in terramechanics. They utilized 
a soil bin facility under controlled conditions 
and examined the effects of tire vertical load, 

velocity, and tire inflation pressure on energy 
consumption. In contrast with earlier literature 
reports, their findings revealed discrepancies 
regarding the impact of tire parameters on 
wasted energy and rolling resistance. 

 The complex influence of diverse factors 
on pressure-sinkage relationship, particularly 
across varied penetration rates and probe sizes, 
was explored in the study conducted by 
Apfelbeck, Kuß, Rebele, and Schäfer (2011). 
The importance of these variables in 
determining the optimal testing conditions 
necessary to validate soil contact models for 
specific wheel types under defined operational 
parameters was highlighted in their study. 

Schematic diagrams are utilized to illustrate 
the dynamic forces involved in off-road wheel 
mechanics, facilitating a comprehensive 
understanding of the phenomenon. Fig. 1 
depicts the gross traction (GT), which can be 
calculated as the summation of the net traction 
(NT) and the rolling resistance (RR) forces 
(ASAE Standard S296.5, 2018). 

 

 
 

Fig. 1. Illustration of the fundamental forces and velocities acting upon a wheel, encompassing the resultant soil 

reaction force 
 

It is notable that, to set the wheels in 
motion, the torque generated by the engine is 
used to create traction so that the rolling 
resistance is neutralized. Additionally, Bekker 
established the basis for quantifying rolling 
resistance from a mechanical soil strength 
perspective. He proposed that at the tire-soil 
contact area, the wheel acts like a continuously 
penetrating plate to a depth equal to the rut 
depth formed by the wheel's load. Equations 1 
and 2 were introduced to calculate the average 

pressure applied to the soil from a plate 
pressed into the soil as a function of sinkage 
depth (Z), and the energy loss of the process, 
respectively, as outlined by Bekker (1969). 

𝑃𝑎𝑣𝑒 = (
𝑘𝑐

𝑏
+ 𝑘𝜑) . 𝑍𝑛 (1) 

𝑊𝑜 = 𝑙
(𝑘𝑐 + 𝑏𝑘𝜑)

𝑛 + 1
[

𝐹

𝑙(𝑘𝑐 + 𝑏𝑘𝜑)
]

𝑛+1

𝑛

 (2) 

Eq. 2 is used to theoretically calculate the 
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work required for penetrating a plate into soil, 
where W0 represents the work done by the load 
of F (kN) acting on the plate at the maximum 
sinkage depth of Z0. Furthermore, this equation 
encompasses pivotal factors such as soil 
sinkage coefficients (kc and kϕ), plate width (b) 
and length (l), and a sinkage exponent (n) 
derived from sinkage tests. 

However, this oversimplified explanation 
only scratches the surface of the complex 
phenomenon known as rolling resistance. 
Recent research has delved deeper into 
understanding the factors influencing rolling 
resistance, particularly focusing on tire 
characteristics. In a notable experiment 
conducted by Taghavifar and Mardani (2013), 
the relationship between tire characteristics 
and rolling resistance was thoroughly 
investigated. Their study emphasized the 
crucial role of the contact area in determining 
rolling resistance, proposing it as a practical 
metric for quantifying this phenomenon. 

The primary objective of this study is to 
evaluate the effects of varying soil 
deformation rates on pressure distribution and 
energy consumption during interactions with 
different plate sizes in a controlled 
environment. Specifically, this research aims 
to assess how different traffic levels (no pass, 
4 passes, and 8 passes) and varying penetration 
velocities (15 mm s-1, 30 mm s-1, and 45 mm  

s-1) affect soil compaction and resistance at 
different sinkage depths. By analyzing the 
energy consumption patterns and pressure-
sinkage relationships, this study seeks to 
provide deeper insights into the mechanical 
behavior of soils under repeated loads. The 
findings aim to enhance models of soil-
structure interactions for applications in off-
road mobility and agricultural machinery. 

 
Materials and Methods 

For the measurement of soil parameters, a 
200 kg capacity S-shaped load cell was 
accurately calibrated and positioned vertically 
between the sinkage plate and the bevameter 
shaft. This load cell served as a critical 
component for accurately quantifying soil 
resistance. The data obtained from the load 
cell were transmitted to a data acquisition 
system, which comprised a data logger, digital 
indicators, and a laptop. The data transmission 
occurred at a sampling frequency of 30 Hz, 
ensuring high-resolution data capture 
throughout the experiment process. 

Fig. 2 provides a visual representation of 
the system, illustrating the arrangement of the 
equipment within the soil bin facility.  

 
 

 

 
Fig. 2. Overall configuration of the soil bin 
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Fig. 3. Tools used for soil preparation: ploughing (top left), rake (top right), leveling board (bottom left), and rolling 

(bottom right) 
 

Soil preparation  

Before conducting the experiments, soil 
preparation was carried out using loosening 
and leveling tools (Fig. 3). Table 1 shows 
some properties of the soil used for the 
bevameter tests. 

In this study, two plates were used to 
determine the pressure-sinkage relationship. 
Also, the independent variables of penetration 
rate and the number of passes, according to 
Table 1, were considered in performing the 
experiments. 

The soil bin was filled with clay-loam soil 
to ensure precise experimental outcomes. 
Various tools, including a harrow, leveler, and 
roller, were used to meticulously prepare the 
soil bed within the soil channel, thereby 
guaranteeing the reliability and accuracy of the 
experimental results. 

Fig. 4 and Fig. 5 illustrate the complete soil 
bin-mounted bevameter unit, along with the 
details of its design and construction. 

 

Penetration velocity tests 

This study investigates the influence of 
penetration velocity and tool geometry on soil 
parameters within bevameter test 
configurations, alongside the estimation of 
wasted energy under varying traffic passes. 
Two distinct rectangular plates are employed 
for each penetration velocity. Testing 
procedures contain three penetration 
velocities, spanning from the maximum 
attainable velocity of the bevameter to the 
lower velocities typical of agricultural 
implements. Each test includes three 
replications to ensure precision and reliability. 

 

Table 1- Experimental soil texture and properties 

Parameter Value 

Sand 35% 

Silt 22% 

Clay 43% 

Moisture content (dry base) 8% 

Bulk density 1460 kg cm-3 

Young's modulus 0.3 MPa 

Poisson's ratio 0.29 

Angle of internal friction 32 
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Fig. 4. Construction of the bevameter unit for soil characterization: 1. Chassis, 2. Gearbox, 3. Rail, 4. Support and 

Guide, 5. Shaft, 6. Bekker Plate, 7. Load cell, 8. Linear Encoder, and 9. 5.5 kW electromotor 

 

 
Fig. 5. A photograph of the bevameter mounted on the soil bin chassis: 1. Bekker Plate, 2. Screw, 3. Connection Rod 4. 

Screw, 5. Load cell, 6. MLC320 Linear Encoder, 7. Connector, and 8. Shaft 
 

To ensure precise collection of rolling 
resistance data, a soil bin facility was utilized 
rather than conducting field experiments. This 
experimental setup provided a controlled 
environment and allowed for the inclusion of 
essential equipment such as a wheel carriage, 
single-wheel tester, bevameter, and various 
tillage tools along the track. The wheel 
carriage was propelled by a three-phase, 22 
kW electromotor, which was powered by a 
chain system. Additionally, an inverter was 

employed to facilitate speed adjustments 
during testing procedures. 

The bevameter system is a comprehensive 
setup designed to measure and analyze soil 
behavior under vehicle loads. It consists of 
various components that work together to 
ensure accurate and reliable testing results. 
The chassis and main frame, mounted on the 
soil bin carrier, provide structural support and 
stability against mechanical loads. They are 
constructed using L-shape and rectangular 
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profiles, ensuring the system's integrity during 
testing. The power unit of the bevameter 
applies a vertical load to penetrate the pressure 
plates into the soil at different sinkage 
velocities. It includes a three-phase 5 kW 
electromotor connected to a mechanical jack. 
The motor's revolution control is achieved 
through a gearbox and an inverter, allowing 
for the adjustment of penetration velocity 
levels. To measure the applied vertical load, an 
S-type load cell (DBBP, Bongshin, South 
Korea), with a capacity of 10 kN was used. 
The load cell can be customized to 
accommodate various load requirements, 
providing precise measurements during 
testing. Additionally, a linear position 
transducer (MLC320, Atek, Türkiye), with a 
displacement of 400 mm and a resistance of 4 
kΩ is used to measure the vertical 
displacement or sinkage of the pressure plates. 
This enables accurate assessment of the plates' 
penetration depth into the soil. The data 
acquisition system plays a crucial role in 
collecting and storing force and displacement 
data. It incorporates an interface that powers 
the transducers and processes the output 
signals in real-time. This interface (Azma120, 
Abzar Azma, Iran) also facilitates the storage 
of data in up to 10 different channels as an 
Excel file on external memory, enhancing data 
management and analysis capabilities.  

The vertical motion of the shaft initiates the 
displacement of the bevameter probe into the 
soil. Consequently, load cells are activated, 
transmitting signals to the data acquisition 
system. The bevameter test is widely used in 
soil mechanics to measure the mechanical 
properties of soil under loading, such as its 
bearing capacity, pressure-sinkage 
relationships, and shear strength. This test 
typically involves pressing a circular or 
rectangular plate into the soil to evaluate how 
the soil reacts under varying loads. In 
performing Bekker bevameter tests, two 
different plate sizes are used to understand the 
soil's response at varying surface contact areas 
(Fig. 6). The test involves applying vertical 
pressure to the soil through these plates while 
monitoring the sinkage, which is the depth of 

penetration into the soil. The primary reason 
for using two plate sizes in the bevameter test 
is to evaluate the pressure-sinkage exponent, 
represented as n in Eq. 1, a key parameter in 
Bekker’s pressure-sinkage model. This 
exponent helps determine the nonlinear 
relationship between the applied load and the 
resulting deformation in the soil. Moreover, by 
comparing the results of the two plate sizes, 
the cohesion modulus (kc) and friction 
modulus (kφ) of the soil can be estimated (Eq. 
1).  

 
Calculation of Soil Parameters Using the Bekker’s 

Method 

Following the collection of pressure-
sinkage data, Bekker’s equations can be 
expressed separately for each plate, as shown 
in equations 3 and 4. 

𝑃1 = (
𝑘𝑐

𝑏1
+ 𝑘𝜑) . 𝑍1

𝑛 (3) 

𝑃2 = (
𝑘𝑐

𝑏2
+ 𝑘𝜑) . 𝑍2

𝑛 (4) 

To solve Bekker’s equations, the logarithms 
of these equations can be written as linear 
equations 5 and 6. 

𝑙𝑜𝑔𝑃1 = 𝑛𝑙𝑜𝑔(𝑍1) + 𝑙𝑜𝑔 (
𝑘𝑐

𝑏1
+ 𝑘𝜑) (5) 

𝑙𝑜𝑔𝑃2 = 𝑛𝑙𝑜𝑔(𝑍2) + 𝑙𝑜𝑔 (
𝑘𝑐

𝑏2
+ 𝑘𝜑) (6) 

First, by using one of each plate at two 
different penetration depths, two pressures are 
obtained. Then by writing two Becker 
equation relations for these two states and 
calculating the ratio of the two sides of the 
relations, n is directly obtained as the slope of 
the line with a similar amount for both plates. 

In the next step, by using two Becker 
equations obtained from two plates with 
different widths and considering a certain 
amount of sinkage for each of them (Z1 and 
Z2) and the resulting pressures (P1 and P2), a 
two-equation system with two unknowns in 
terms of 𝑘𝑐  and 𝑘𝜑 will be obtained as: 

 

𝑘𝑐 =
(𝑃1 − 𝑃2)𝑏1𝑏2

(𝑏2 − 𝑏1)𝑍2
𝑛  (7) 
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𝑘𝜑 =
𝑃1

𝑍1
𝑛 −

𝑘𝑐

𝑏1
 (8) 

These parameters are essential for 

understanding the soil bearing capacity and 
behavior under different loading scenarios. 

 

 
Fig. 6. Sinkage plates with two different sizes (70 × 105 mm and 70 × 175 mm) 

 
Pressure–sinkage tests 

The methods for determining soil 
parameters outlined in the preceding section 
offer a means to characterize the soil under 
analysis with dependable values based on the 
selected pressure-sinkage relationship. Prior to 
commencing measurement operations aimed at 
identifying the influence of the test setup on 
soil parameters, it is imperative to ascertain an 

appropriate soil preparation method. This 
ensures the attainment of reproducible and 
reliable measurement outcomes. 
The experiment investigated the impact of 
different vertical bevameter probe rates (15, 

), in conjunction with the 1-30, and 45 mm s
number of wheel passages (0, 4, and 8), 
utilizing two sizes of sinkage plates. 

 
Table 2 presents the details of the 

experimental treatments. The experiments 
were carried out in a completely randomized 

block design, with each treatment replicated 
three times. 

 

 

Table 2- Summary of experimental parameters 

Independent parameters 

Wheel passage probe velocity (mms-1) Sinkage plates (mm) 

0 15 70×105, 70×175 

4 30 70×105, 70×175 

8 45 70×105, 70×175 

 
Top of Form 

The analysis of variance (ANOVA) was 
done on the experimental data using Minitab 
software. Variables were included in the 
model if they exhibited statistical significance 
at the 0.01 level. The investigated variables 
were traffic, probe velocity, and their 
interaction. 

 
Results and Discussion 

Analysis of Variance  
The Analysis of Variance (ANOVA) is a 

statistical method used to analyze the 
differences among group means and their 

associated variances. It helps in determining 
whether there are any statistically significant 
differences between the means of categorical 
independent variables affecting a dependent 
variable. In experimental studies, ANOVA is 
commonly used to assess the influence of 
different factors and their interactions on the 
observed outcomes. It is particularly effective 
when dealing with multiple factors and levels, 
as in this study, where multiple variables like 
plate size, number of passes, sinkage, and 
penetration rate are evaluated for their effect 
on energy consumption in soil deformation 
tests.  
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In the provided ANOVA table (Table 3), 
the primary factors affecting the energy 
consumption and pressure response during soil 
deformation tests are sinkage, plate size, and 
number of passes. Among these, sinkage has 
the most significant impact, as evidenced by 
its extremely high F-value (4980.76) and a p-
value of less than 0.0001. This indicates that 
changes in the sinkage depth greatly influence 

the pressure-sinkage relationship and energy 
requirements. Similarly, plate size and number 
of passes also show significant effects, with F-
values of 1439.35 and 1391.50, respectively, 
both with p-values less than 0.0001. These 
findings suggest that larger plate sizes and 
increased numbers of passes over the soil 
contribute substantially to increased soil 
compaction and energy consumption. 

 
Table 3- Analysis of variance of the effect of parameters on energy consumption 

Source DF Adj SS Adj MS F-Value P-Value 

  Plate size (mm) 1 33419 33419 1436.17 0.000 

  Number of passes 2 64616 32308 1388.43 0.000 

  Sinkage (mm) 3 346934 115645 4969.76 0.000 

  Penetration rate (mm s-1) 2 5301 2650 113.90 0.000 

  Plate size (mm)×Number of passes 2 5900 2950 126.76 0.000 

  Plate size (mm)×Sinkage (mm) 3 20356 6785 291.60 0.000 

  Plate size (mm)×Penetration rate (mm s-1) 2 123 62 2.65 0.074 

  Number of passes×Sinkage (mm) 6 37116 6186 265.84 0.000 

  Number of passes×Penetration rate (mm s-1) 4 1564 391 16.80 0.000 

  Sinkage (mm)×Penetration rate (mm s-1) 6 2866 478 20.53 0.000 

  Error 184 4282 23     

  Total 215 522478       

 
Furthermore, several interaction effects are 

also significant. For instance, the interaction 
between plate size and number of passes (F = 
127.05, p < 0.0001) indicates that the 
combined effect of these two factors 
significantly alters the energy consumption. 
The number of passes and sinkage interaction 
is also highly significant (F = 266.43, p < 
0.0001), suggesting that the effect of the 
number of passes becomes more pronounced 
with increased sinkage depths. Overall, the 
ANOVA results highlight that these factors 
and their interactions must be carefully 
considered to optimize energy consumption 
and soil resistance in practical applications, 
such as off-road mobility or agricultural 
operations. 

During the initial stage of plate sinkage, 
there is observable soil compaction, as 
illustrated in Figures 7 to 10. In the pressure-
sinkage curves, within the range of 0 to 15 
mm, compaction remains consistent, showing 
no significant variation across different 
penetration rates or pass levels. At this stage, 
soil compaction occurs directly beneath the 

plates, and the curve characteristics remain 
unaffected by the plate dimensions. As sinkage 
increases, as shown in Fig. 7, particularly 
between depths of 25 to 60 mm, the pressure-
sinkage curves exhibit a consistent and smooth 
slope. At this point, the rectangular fracture 
area beneath the loading plate’s transitions 
from a rectangular shape into an incomplete or 
full cone-shaped form. This transformation 
occurs due to the initiation of lateral 
compression and soil flow, which marks the 
shift of the failure zone into a conical shape. 

Fig. 7 illustrates the effect of varying 
penetration rates (15 mm s-1, 30 mm s-1, and 
45 mm s-1) and passage levels (no pass, 4 
passes, and 8 passes) on the pressure required 
to achieve specific sinkage depths. Fig. 7A, 
with a smaller plate (70 × 105 mm), illustrates 
a clear trend where the pressure required for 
penetration increases with higher velocities 
and passage levels. The graphs obtained from 
a penetration rate of 15 mm s-1 at all pass 
levels show the minimum pressure required to 
increase penetration. However, by increasing 
the number of passes to 4 and 8, the pressure 
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increases at a higher penetration rate for the 
same level of sinkage.  

 

 

 
Fig. 7. Pressure-sinkage curves for two different rectangular plates: (A) 70 × 105 mm, and (B) 70 × 175 mm 

 

This change signifies a modification in the 
soil's initial condition and an enhancement of 
soil compaction due to repeated loading. The 
45 mm/s velocity plots exhibit the highest 
pressures at all penetration levels, indicating 

that higher penetration rates require more 
pressure for a given amount of soil 
deformation than lower penetration rates. 

Fig. 7B shows the resulting soil pressure-
settlement curves from the larger plate (70 x 
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175 mm). The overall trend is similar, but the 
pressure required for the same amount of 
sinkage is significantly lower than the smaller 
plate. This occurs while the force applied to 
reach a certain sinkage is much higher for the 
larger plate than for the smaller plate. The 
stabilization of the sinkage occurs more 
quickly with a larger plate, suggesting that an 
increased contact area reduces deformation, 
even under high-pressure conditions. The 
pressure difference required for plate 
penetration between 4 and 8 passes becomes 
more pronounced when using the larger plate, 
highlighting the increased compaction pressure 
with a larger surface contact area. In both 
graphs, as the penetration rate increases, the 
pressure required to achieve similar levels of 
soil sinkage rises across all pass conditions, 
with the 45 mm s-1 penetration rate exhibiting 
the highest resistance. These findings indicate 
that larger plate sizes and higher speeds 
exacerbate traffic-induced soil compaction, 
making soil deformation under pressure 

progressively more difficult. 
The results of the pressure-sinkage data 

from the experiments showed a similar trend 
aligned with research in this field (Brunskill et 
al., 2011; Golanbari, Mardani, Hosainpour, & 
Taghavifar, 2023; Kruger, Els, & Hamersma, 
2023). This shows that the designed bevameter 
has significant capability for data acquisition.  

To estimate Bekker coefficients (𝑘𝑐, 𝑘𝜑, 

and 𝑛), at least two penetration experiments 
using different lengths of plates are required 
(Bekker, 1960).  

The average soil parameters for three 
replicates were determined using Bekker’s 
equations presented in Table 4. 

As indicated in Table 4, the values of n 
have an increasing trend with increasing traffic 
and penetration velocity, and the reason for 
this is the increase in the slope of the pressure-
sinkage curves with the increase of the above 
two independent parameters. 

 
Table 4- Identified Bekker parameters for different wheel passes and penetration velocities 

Pass 0 4 8 

Penetration rate (mm s-1) 15 30 45 15 30 45 15 30 45 

n 0.973 0.976 1.08 1.243 1.287 1.319 1.223 1.278 1.425 

kϕ (kN (mn+1)-1) 620 665 778 808 757 666 913 745 772 

kc (kN (mn+2)-1) 264.34 211.84 29.40 -47.15 21.77 135.98 153.04 72.45 39.63 

 
The impact of multiple passes on energy 

consumption 

In this section, according to the pressure-
sinkage data acquired from the bevameter and 
the calculation of the area below the pressure-
sinkage curves, the cumulative energy 
consumption of each experiment was extracted 
in the range of 0-15, 0-30, 0-45, and 0-60 mm 
of plate sinkage into the soil. 

Fig. 8. Effect of multiple passes on energy 
consumption in different depths and constant 
penetration rate for the 70 × 175 plateFig. 8 
illustrates the variation in energy required for 
the penetration of the large plate into the soil 
at different depths, corresponding to various 
penetration rates. 

As illustrated in the figure, the general trend 
in penetration energy for the large plate 
penetration is similar to that of the small plate. 

However, as expected, the energy 
consumption is significantly higher for the 
large plate due to its larger surface area and 
higher soil penetration resistance. 

The Analysis of Variance (ANOVA) 
examining the effect of parameters on energy 
consumption at a fixed penetration rate, using 
a completely randomized design, is presented 
in Table 4. The results indicate that the 
number of passes has a statistically significant 
effect on energy consumption across all depth 
intervals for both plate sizes. Significance was 
determined at the 1% level for most depths, 
except the 15 mm sinkage depth of the small 
plate, where significance was observed at the 
5% level. 
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Fig. 8. Effect of multiple passes on energy consumption in different depths and constant penetration rate for the 70 × 

175 plate 
 

The impact of penetration rate on energy 

consumption 

Although various approaches exist to 
account for the penetration rate in the Bekker 
equation (Grahn, 1996), there is limited 
information regarding its effect on the 
pressure-sinkage relationship. To address this 
gap, a modified bevameter was used to control 
the penetration velocity in a soil bin. Tests 
were conducted at different plate velocities, as 
outlined in Table 2. This section examines the 
effect of penetration velocity on energy 
consumption under constant traffic conditions, 
focusing on its influence through the pressure-
sinkage relationship. 

As demonstrated in Figures Fig. 9 and Fig. 
10, changes in penetration rate (15 mm s-1, 30 
mm s-1, and 45 mm s-1) significantly influence 
energy consumption. With increasing speed, 
the energy required to achieve the same level 
of sinkage increases. This is likely due to the 
higher resistance generated between the plate 
and the soil at higher penetration rates, leading 
to increased energy expenditure. This trend is 
evident across both plate sizes. However, the 

larger plate (70 x 175 mm) exhibits a more 
pronounced increase in energy consumption as 
penetration rate and pass levels rise. For 
instance, at the 8th pass and a velocity of 45 
mm s-1, the energy consumption by the larger 
plate is nearly double that of the smaller plate 
under the same conditions, for a sinkage depth 
ranging from 0 to 60 mm. Similar results are 
reported by Apfelbeck et al. (2011). 

 

Conclusion 

The present study corroborates earlier 
findings regarding the influence of passes and 
penetration velocity on energy loss. The 
results reveal that traffic load and velocity are 
key factors in determining the pressure and 
energy required for soil penetration. Increased 
traffic leads to greater soil compaction, 
making the terrain more resistant to further 
deformation and requiring higher energy input, 
especially at higher speeds. The larger plate 
size (70 × 175 mm) consistently consumed 
more energy compared to the smaller plate (70 
× 105 mm), indicating that surface contact area 
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plays a crucial role in the interaction dynamics. 
 

 
Fig. 9. The effect of penetration velocity on energy consumption in constant traffic in specified intervals, and constant 

traffic on the 70 × 105 plate 
 

 
Fig. 10. The effect of penetration velocity on energy consumption in constant traffic in specified intervals, and constant 

traffic on the 70 × 175 plate 

 

These findings are essential for optimizing 
vehicle performance in off-road environments, 
where minimizing energy consumption is 
crucial for efficiency. The study also provides 

valuable insights for soil management 
practices, particularly in agriculture and 
construction, where mitigating the negative 
effects of soil compaction is important. Future 
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research could explore the long-term effects of 
repeated traffic and higher speeds on soil 
properties, contributing to the development of 
more sustainable land-use strategies. 

 
Acknowledgments 

The authors would like to express their 
gratitude to Urmia University for supporting 
this research project and to thank the team of 
the soil bin testing facility at Urmia 
University, who sincerely assisted in data 
collection.  

 
Conflict of Interest: The authors declare 

no competing interests. 

Authors Contribution  

H. Asadollahi: Methodology, 
Conceptualization, Data collection, Data 
processing, Extraction, and Preparation of the 
original text 

B. Mohammadi-Alasti: Supervision and 
management, Conceptualization, 
Methodology, Validation, Text editing 

A. Mardani: Supervision and management, 
Conceptualization, Validation, Text editing, 
Methodology, Technical advice 

M. Abbasgholipour: Methodology, 
Technical advice, Statistical analysis, 
Visualization of results, Text editing 

 
References 

1. Apfelbeck, M., Kuß, S., Rebele, B., & Schäfer, B. (2011). A systematic approach to reliably 
characterize soils based on Bevameter testing. Journal of Terramechanics, 48(5), 360-371. 
https://doi.org/10.1016/j.jterra.2011.04.001 

2. ASAE. (2018). ANSI/ASAE S296.5, DEC2003 (R2018), General Terminology for Traction of 
Agricultural Traction and Transport Devices and Vehicles. ASAE, St. Joseph, MI. 

3. Bekker, M. G. (1960). Off-the-Road Locomotion University of Michigan Press. Ann Arbor, 27-
29. 

4. Bekker, M. G. (1969). Off-Road Locomotion. Ordnance, 53(292), 416-418. 
https://www.jstor.org/stable/45361962 

5. Brunskill, C., Patel, N., Gouache, T. P., Scott, G. P., Saaj, C. M., Matthews, M., & Cui, L. 
(2011). Characterisation of martian soil simulants for the ExoMars rover testbed. Journal of 
Terramechanics, 48(6), 419-438. https://doi.org/10.1016/j.jterra.2011.10.001 

6. Earl, R., & Alexandrou, A. (2001). Deformation processes below a plate sinkage test on sandy 
loam soil: experimental approach. Journal of Terramechanics, 38(3), 153-162. 
https://doi.org/10.1016/s0022-4898(00)00018-5  

7. Golanbari, B., & Mardani, A. (2023). Analytical Traction Force Model Development for Soil-
Tire Interaction: Incorporating Dynamic Contact Area and Parameter Analysis Using Taguchi 
Method. Biomechanism and Bioenergy Research, 2(2), 56-64. 

8. Golanbari, B., & Mardani, A. (2024). An analytical model for stress estimation at the soil-tire 
interface using the dynamic contact length. Journal of Terramechanics, 111, 1-7. 
https://doi.org/10.1016/j.jterra.2023.08.006 

9. Golanbari, B., Mardani, A., Hosainpour, A., & Taghavifar, H. (2023). Modeling Soil 
Deformation for Off-Road Vehicles Using Deep Learning Optimized by Grey Wolf Algorithm. 
Journal of Agricultural Machinery, 14(1), 69-82. 
https://doi.org/10.22067/jam.2023.84339.1188 

10. Gonzalez, R., & Iagnemma, K. (2018). Slippage estimation and compensation for planetary 
exploration rovers. State of the art and future challenges. Journal of Field Robotics, 35(4), 564-
577. https://doi.org/10.1002/rob.21761  

11. Grahn, M. (1996). Einfluß der Fahrgeschwindigkeit auf die Einsinkung und den Rollwiderstand 
von Radfahrzeugen auf Geländeböden. 

12. Kruger, R., Els, P. S., & Hamersma, H. A. (2023). Experimental investigation of factors 

https://doi.org/10.1016/j.jterra.2011.04.001
https://www.jstor.org/stable/45361962
https://doi.org/10.1016/j.jterra.2011.10.001
https://doi.org/10.1016/s0022-4898(00)00018-5
https://doi.org/10.1016/j.jterra.2023.08.006
https://doi.org/10.22067/jam.2023.84339.1188
https://doi.org/10.1002/rob.21761


376     Journal of Agricultural Machinery Vol. 15, No. 3, Fall, 2025 

affecting the characterisation of soil strength properties using a Bevameter in-situ plate sinkage 
and shear test apparatus. Journal of Terramechanics, 109, 45-62. 
https://doi.org/10.1016/j.jterra.2023.06.002 

13. Majdoubi, R., Masmoudi, L., & Elharif, A. (2024). Analysis of soil compaction under different 
wheel applications using a dynamical cone penetrometer. Journal of Terramechanics, 111, 21-
30. https://doi.org/10.1016/j.jterra.2023.09.001 

14. Mardani, A., & Golanbari, B. (2024). Indoor measurement and analysis on soil-traction device 
interaction using a soil bin. Scientific Reports, 14(1), 10077. https://doi.org/10.1038/s41598-
024-59800-2  

15. Taghavifar, H., & Mardani, A. (2013). Investigating the effect of velocity, inflation pressure, 
and vertical load on rolling resistance of a radial ply tire. Journal of Terramechanics, 50(2), 99-
106. https://doi.org/10.1016/j.jterra.2013.01.005  

16. Taghavifar, H., & Mardani, A. (2014). Analyses of energy dissipation of run-off-road wheeled 
vehicles utilizing controlled soil bin facility environment. Energy, 66, 973-980. 
https://doi.org/10.1016/j.energy.2014.01.076  

17. Taheri, A., & Tatsuoka, F. (2015). Small-and large-strain behaviour of a cement-treated soil 
during various loading histories and testing conditions. Acta Geotechnica, 10(1), 131-155. 
https://doi.org/10.1007/s11440-014-0339-7  

  

https://doi.org/10.1016/j.jterra.2023.06.002
https://doi.org/10.1016/j.jterra.2023.09.001
https://doi.org/10.1038/s41598-024-59800-2
https://doi.org/10.1038/s41598-024-59800-2
https://doi.org/10.1016/j.jterra.2013.01.005
https://doi.org/10.1016/j.energy.2014.01.076
https://doi.org/10.1007/s11440-014-0339-7


Asadollahi et al., Evaluating the Effect of Soil Deformation Rate on the Estimation of the Energy …     377 

 

 قاله پژوهشیم

 363-377، ص 1404، پاییز 3، شماره 15جلد 

 

با استفاده   ریخاک و تا ی برهمکنشمصرف انرژ ن یتخم یشکل خاک برا  ریینرخ تغ ریتاث یابیارز

 نشست خاک -از رابطه فشار

 
 1، مهدی عباسقلی پور2، عارف مردانی*1، بهزاد محمدی الستی1هادی اسدالهی 

 12/05/1403تاریخ دریافت:  
 07/1403/ 29تاریخ پذیرش: 

 چکیده

طور مهم است. بههه اریخاک بس  کیو مکان  یخارج از جاده، کشاورز  هینقل  لیمختلف مانند تحرک وسا  یهانهیشکل خاک در زم  رییتغ  کینامیدرک د
ر یمطالعه تأث  نیاست. ا  یتراکم خاک ضرور  یو به حداقل رساندن اثرات منف  یمصرف انرژ  یسازنهیبه  یبرا  ریفعل و انفعالات خاک و تا  یابیخاص، ارز
 ی. هههدف ا ههلکندیم  یبررس  وامترب  ستمیس  کیخاک و    انباره  طیمح  کیرا با استفاده از    یو مصرف انرژ  نشست  -شکل خاک بر رابطه فشار  ریینرخ تغ

 ریتههأث مشههخ  نشسههتبه عمق  یابیدست  یبرا  ازیمورد ن  ینفوذ متفاوت بر انرژ  یهاو نرخ  عبوراست که چگونه سطوح مختلف    نیا  یمطالعه بررس  نیا
حا ههل شههود.  نههانیاطم ،نانیاطم تیسه بار تکرار شد تا از دقت و قابل ماریاستفاده کرد که هر ت یطرح بلوک کاملا تصادف  کیمطالعه از    نی. اگذارندیم

و سرعت نفوذ بر مقاومههت خههاک و مصههرف   کینشان داد که سطح تراف  جیانجام شد. نتا  بوامترلودسل متصل به    کیبا استفاده از    یکم  یهایریگاندازه
 45سههرعت    نی. در بههالاترابههدییم  شیبههالاتر افههزا  عبورها و سطوح  نفوذ با سرعت  یبرا  ازی فحه بزرگتر، فشار مورد ن  یدارد. برا  یمعنادار  ریتأث  یانرژ
 -نیههرو  یمنحنهه  ریهه ز سههطح گیریاندازهبا  سطحهر  یبرا یحداکثر بود. مصرف انرژخاک    نشست  یبرا  ازین  وردم  نیروی،  عبور هشتم( و  هیبر ثان  متریلیم

بههر مصههرف  یتوجهطور قابههل( نشان داد که تعداد عبور چرخ، اندازه  فحه و سرعت نفوذ بهههANOVA  انسیوار لیو تحل هیمحاسبه شد. تجز  نشست
عبههور و  هیمتر بر ثانیلیم 45تر با سرعت  فحه بزرگ  یبرا  یمتر(، مصرف انرژیلیم  60   نشستعمق    نیعنوان مثال، در بالاتر. بهگذاردیم  ریتأث  یانرژ

خارج از  هینقل لیوسا یدر هنگام طراح تعداد عبوراز  یدر نظر گرفتن تراکم و سرعت ناش  تیبر اهم  جینتا  نیتر بود. ادو برابر  فحه کوچک  بایتقر  هشتم
 .کندیم دیتعامل دارند، تأک ریپذشکل رییتغ یهانیبا زم هک یکشاورز یهانیماش ایجاده 
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