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Abstract 4 

Purpose The purpose of this study was to experimentally investigate the effects of normal load 5 

variation on the tractive performance of a single tire under sandy soil conditions using an indoor 6 

soil-bin test system. 7 

Methods Straight-line traveling tests were conducted at a constant theoretical traveling speed 8 

of 0.5 m/s while varying the applied normal load at five levels (0, 10, 20, 30, and 40 kg). Dry 9 

sandy soil with a particle size of 0.18-0.20 mm and negligible water content was used to ensure 10 

experimental repeatability. For each load condition, the tire traveled 3 m, and each test was 11 

repeated five times. Soil thrust was estimated from the driving motor torque, slip ratio was 12 

calculated from the difference between theoretical and actual traveling distances, and slip 13 

efficiency was derived from the slip ratio. In addition, a gross traction coefficient was 14 

introduced as a normalized index by dividing soil thrust by the vertical dynamic load. 15 

Results The average soil thrust increased from 27.07 N at 0 kg to 47.19 N at 40 kg, 16 

corresponding to a 1.74-fold increase, indicating that normal load strongly influences soil thrust 17 

generation under sandy soil conditions. In contrast, slip ratio and slip efficiency exhibited non-18 

monotonic behavior, with the minimum slip ratio (46.90%) and maximum slip efficiency 19 

(53.10%) occurring at the 20 kg condition. The gross traction coefficient ranged from 20 

approximately 0.04 to 0.05 and also showed non-monotonic variation with increasing normal 21 

load. 22 

Conclusions The results demonstrate that increasing normal load enhances the absolute 23 

magnitude of soil thrust but does not necessarily improve tractive performance due to increased 24 

slip under high-load conditions. An optimal normal load condition exists in sandy soil that 25 

cannot be identified based on soil thrust magnitude alone. The soil-bin-based experimental 26 

results provide reliable benchmark data for understanding soil-tire interaction and for 27 

validating numerical soil-tire interaction models. 28 

 29 

Keywords: Soil-Tire interaction, Normal load, Tractive performance, Single tire 30 

 31 

Introduction 32 

Major industrial off-road vehicles, such as agricultural and construction machinery, 33 

primarily operate on deformable terrains including soft ground, tilled soil, and unpaved 34 

surfaces rather than paved roads. These ground conditions have a direct influence on vehicle 35 

tractive performance and driving stability. In particular, experiments conducted under 36 

agricultural field conditions often suffer from reduced data reliability due to spatial variability 37 
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of soil properties and abrupt environmental changes (Roozbahani et al., 2013). Therefore, a 38 

quantitative understanding of soil-tire interaction characteristics is essential for improving the 39 

mobility and traction performance of off-road vehicles. 40 

Tire performance is governed by multiple interacting factors, which limits the ability to 41 

evaluate the effect of each factor independently. Among these factors, the vertical load applied 42 

to the tire directly affects the contact area and sinkage depth, which are closely related to soil 43 

shear resistance and thrust generation mechanisms (Alkhalifa et al., 2024). Recent studies have 44 

reported that variations in vertical load significantly alter soil-tire contact conditions and act as 45 

a key parameter influencing traction force, slip ratio, and energy loss characteristics (Farhadi 46 

et al., 2020). Moreover, soil is a highly nonlinear material whose mechanical behavior and 47 

physical properties vary considerably depending on environmental factors such as particle size 48 

distribution, water content, compaction state, and interparticle bonding. As a result, even under 49 

identical tire and loading conditions, slip behavior and soil thrust may vary substantially 50 

according to soil state (Jjagwe et al., 2023). Consequently, a clear understanding of soil-tire 51 

interaction characteristics under varying vertical load conditions is a critical factor in 52 

evaluating off-road vehicle performance and establishing design criteria. 53 

Studies on soil-tire interaction have traditionally been conducted based on terramechanics 54 

theory. Previous research has attempted to explain thrust generation mechanisms by 55 

considering soil shear strength characteristics, soil-tire contact conditions, and vertical loading, 56 

and has sought to quantify machine performance indicators such as slip ratio and thrust, as well 57 

as internal soil stress and shear behavior (Bailey et al., 1996; Calleja-Huerta et al., 2023). 58 

Tiwari et al., (2010) employed analytical and empirical approaches to predict the traction 59 

performance of a single tire and developed soil-specific traction models. Mardani & Golanbari, 60 
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(2024) experimentally investigated soil-tire interaction by operating a traction device under 61 

controlled soil conditions and measuring soil reaction forces and traction force, thereby 62 

quantitatively evaluating traction characteristics according to soil conditions. Gee-Clough, 63 

(1976) analyzed rolling resistance and sinkage behavior of rigid wheels by comparing 64 

experimental results with predictions based on the Bekker theory, demonstrating that rolling 65 

resistance and sinkage characteristics vary with ground condition and sinkage level. Zeng et 66 

al., (2022) experimentally evaluated the tractive performance of agricultural tires on granular 67 

soil using a single-wheel test apparatus, showing that tire load and slip conditions significantly 68 

affect traction force and traction coefficient. 69 

Although these studies have provided a theoretical foundation for predicting vehicle mobility, 70 

optimizing tire design, and improving operating conditions for agricultural machinery, full-71 

scale field experiments often exhibit limited reproducibility and quantitative reliability due to 72 

soil heterogeneity, environmental variability, and difficulties in repeated testing (Ptak et al., 73 

2023). 74 

As an alternative approach to overcome these limitations, experimental studies utilizing soil-75 

bin test facilities have been widely adopted (Kawase et al., 2006). Soil-bin test systems enable 76 

artificial preparation of soil conditions and precise control of vertical load and traveling speed, 77 

making them particularly suitable for isolating the effects of specific variables (Mahadi et al., 78 

2017). In addition, repeated experiments under identical conditions improve experimental 79 

reliability and allow stable measurement of key mobility indicators such as soil thrust, slip ratio, 80 

and contact characteristics (Kawase et al. 2006). For these reasons, soil-bin test facilities have 81 

become a core experimental platform in terramechanics-based research (Bahrami et al., 2023; 82 

Tag(Bahrami et al., 2023; Taghavifar et al., 2014; Taghavifar & Mardani, 2014). 83 
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Previous soil-bin-based studies have mainly focused on thrust characteristics as a function 84 

of slip ratio, differences in traction performance according to tire geometry or tread pattern, or 85 

variations in mobility performance depending on soil type (Ani et al., 2018). Although some 86 

studies have reported the influence of vertical load on tire contact characteristics and thrust 87 

generation (Shmulevich et al., 1996; Zoz & Grisso, 2003), systematic investigations that 88 

simultaneously compare slip ratio, soil thrust, and slip efficiency under varying vertical load 89 

conditions on the same soil are relatively limited. 90 

Recently, numerical approaches such as the discrete element method (DEM) and multi-body 91 

dynamics (MBD) have been increasingly employed to simulate soil-tire interaction (Karpman 92 

et al., 2020). While these methods offer the advantage of analyzing microscale behaviors that 93 

are difficult to capture experimentally (Yang et al., 2020), experimental validation data are 94 

essential to ensure the reliability of simulation results (Zhou et al., 2021). In particular, 95 

experimental data describing soil thrust and slip behavior under varying vertical load 96 

conditions are critical for calibrating numerical models, yet such datasets remain insufficient. 97 

Soil-bin-based experimental studies can therefore play a key role in the initial calibration 98 

and validation of numerical soil-tire interaction models (Bahrami et al., 2023). Accordingly, 99 

the objective of this study is to quantitatively analyze the effects of vertical load variation on 100 

tire tractive performance and slip efficiency under constant straight-line traveling conditions 101 

using a soil-bin. Dry sandy soil, which exhibits relatively simple particle morphology and high 102 

experimental repeatability, was selected as the test medium. To compensate for the limitations 103 

of the test system, in which rolling resistance and traction force cannot be directly measured, 104 

an additional performance indicator—the gross traction coefficient—was introduced by 105 

normalizing the total soil thrust generated at the soil-tire interface by the vertical dynamic load. 106 
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The torque and rotational speed measured at the driving motor represent the input load applied 107 

to the system and are closely associated with soil deformation and slip behavior during travel. 108 

In sandy soil, variations in vertical load alter soil shear resistance characteristics; therefore, 109 

even under identical traveling speed conditions, the required driving torque and slip behavior 110 

may differ. In this study, slip efficiency defined based on slip ratio is employed to evaluate 111 

how effectively the input load contributes to actual vehicle motion as vertical load increases. 112 

While previous soil-bin studies mainly examined thrust-slip relationships or traction force 113 

independently, limited attention has been given to the combined evaluation of soil thrust, slip 114 

ratio, slip efficiency, and a normalized gross traction coefficient under identical soil and 115 

traveling conditions. Accordingly, the present study provides a systematic comparison of these 116 

performance indicators while varying only the vertical load, thereby distinguishing between 117 

the absolute mobilization of soil shear resistance and the efficiency of converting input load 118 

into actual motion. The results reveal non-monotonic slip-related responses with increasing 119 

vertical load and demonstrate the existence of an optimal load condition in dry sandy soil. 120 

Furthermore, the controlled soil-bin dataset obtained in this study offers reliable benchmark 121 

data for the calibration and validation of numerical soil-tire interaction models, including 122 

DEM-MBD coupled simulations. 123 

 124 

Materials and Methods 125 

Soil-bin Test System Configuration 126 

Specifications of the Soil-bin 127 

Tire tractive performance tests were conducted using a soil-bin configured as shown in Fig. 128 
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1. 129 

 130 

 131 

Fig. 1 Schematic of the soil-bin: drive unit (A), pulley and belt (B), DAQ system (C), soil 132 

(sand, D), and LM guide (E). 133 

 134 

The soil-bin test facility had overall dimensions of 6 × 2 × 1 m (length × width × height). 135 

Linear motion (LM) guides were installed on both sides of the drive unit to enable forward and 136 

backward motion. The drive unit had dimensions of 335 × 370 × 415 mm (width × depth × 137 

height), and a vertical loading rod connected to a circular plate was installed to apply various 138 

levels of vertical load to the tire. 139 

In addition, LM guides were installed between the drive unit and the fixed frame, allowing 140 

vertical movement of the drive unit when vertical loads were applied or when surface 141 
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irregularities were present. This configuration enabled vertical displacement of the drive unit 142 

while maintaining straight-line motion during testing. The configuration of the drive unit under 143 

applied vertical load conditions during the soil-bin test is shown in Fig. 2. 144 

 145 

 146 

Fig. 2 Drive unit of the soil-bin. 147 

 148 

Tire Drive System 149 

To drive the tire, a first motor (Motor1) and a reducer were coupled to the tire axle. A second 150 

motor (Motor2), without a reducer, was mounted on the pulley used to drive the belt connected 151 

to the drive unit. Servo motors (APMC-FBL04AMK, LS Electric, Anyang, Republic of Korea) 152 

were used, and a reducer with a reduction ratio of 50 (PGX62-H-50, ATG, Taiwan) was 153 
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employed. 154 

Based on the performance characteristics of the motor and reducer, the tire was capable of 155 

operating at a maximum rotational speed of 3000 rpm. Photographs of the motors and reducer 156 

are shown in Fig. 3, and the detailed specifications of the servo motor and reducer are 157 

summarized in Table 1 and Table 2, respectively. 158 

 159 

 160 

Fig. 3 Servo motors and reducer. 161 

 162 

Table 1 Specifications of the servo motor 163 

Unit Value 

Rate power (kW) 0.4 

Rate torque (N·m) 1.27 

Peak torque (N·m) 3.82 

Rated current (A) 2.6 
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Maximum current (A) 7.8 

Rated speed (rpm) 3000 

Maximum speed (rpm) 5000 

 164 

Table 2 Specifications of the reducer 165 

Unit Value 

Reduction ratio 50 

Rated output torque (N·m) 45 

Maximum output torque (N·m) Tree times the rated output torque (135) 

Rated input speed (rpm) 3000 

Maximum input speed (rpm) 6000 

Maximum axial load (N) 560 

Maximum radial load (N) 1120 

 166 

Soil Selection for the Soil-bin Test 167 

The soil used in this study was selected as dry sandy soil with a particle size range of 0.18-168 

0.20 mm. Compared with actual agricultural field soil, this soil exhibits relatively simple 169 

particle morphology and low heterogeneity, making it suitable for initial calibration of 170 

numerical simulations and ensuring high experimental repeatability. 171 

 172 

Selection of the Test Tire 173 
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The test tire used in this study was a passenger car tire (Smart Plus 2, Hankook Tire, 174 

Seongnam, Republic of Korea) with a size of 205/60R16, as shown in Fig. 4. The mass of the 175 

tire was 19.15 kg, and the total mass of the drive unit including the mounted tire was 63.05 kg. 176 

 177 

 178 

Fig. 4 Specifications and dimensions of the test tire. 179 

 180 

Because the sandy soil used in the soil-bin test exhibited low cohesion, soil thrust generated 181 

during soil-tire interaction was primarily governed by the applied vertical load rather than the 182 

contact area. Therefore, instead of using an agricultural tire with lugs and a large contact area, 183 

a general passenger car tire was selected to quantitatively analyze the effect of vertical load 184 

variation on soil thrust under sandy soil conditions. 185 

A passenger car tire was intentionally selected to isolate the fundamental effects of vertical 186 

load on soil-tire interaction under controlled soil-bin conditions. Unlike agricultural lug tires, 187 

which introduce additional complexities associated with lug penetration, soil bulldozing, and 188 
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tread-induced disturbances (Koolen & Kuipers, 1983; Wong, 2024), the selected tire provides 189 

a relatively smooth contact interface, allowing the influence of vertical load on soil shear 190 

mobilization and slip behavior to be examined with minimal geometric interference.  191 

It should be noted that the objective of this study is not to reproduce the absolute tractive 192 

performance of agricultural or construction machinery, but rather to investigate fundamental 193 

load-dependent soil-tire interaction mechanisms. Accordingly, the results of this study should 194 

be interpreted as benchmark data obtained under controlled experimental conditions, rather 195 

than as direct predictors of field-scale tractive performance for lugged tires. 196 

 197 

Soil Property Measurement 198 

Measurement of Physical Soil Properties 199 

soil thrust and slip ratio vary depending on the physical and mechanical properties of the 200 

soil. Therefore, in this study, the fundamental physical properties of the soil used in the soil-201 

bin were measured prior to the experiments to ensure the reproducibility and interpretability of 202 

the experimental results. These soil properties were used as baseline data to quantitatively 203 

define the test conditions for the tire traveling experiments conducted in this study. 204 

Soil texture was determined according to the soil classification system of the United States 205 

Department of Agriculture (USDA) using a sieve shaker (HJ-2153, Heungjin, Gimpo, Republic 206 

of Korea). 207 

The measurement of soil physical properties was conducted following the grid sampling 208 

method described by Tan (2005). The soil-bin area was divided into 16 grids with dimensions 209 

of 0.75 m × 0.75 m. Soil samples were collected using a 100 mL stainless steel cylinder (DIK-210 
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1801, Daiki Rika Co., Akagidai, Japan) and a soil sampling device (DIK-1815, Daiki Rika 211 

Kogyo Co., Ltd., Akagidai, Japan), as illustrated in Fig. 5. 212 

 213 

 214 

Fig. 5 Soil sampling procedure in soil-bin experiment. 215 

Two soil samples were collected from each grid, resulting in a total of 32 samples. The mass 216 

of each soil sample was measured. The bulk density of each sample was calculated using Eq. 217 

1, and the average bulk density was obtained. 218 

ρ௕ = ௠ೞ௏     (1) 219 

Where ߩ௕ : Bulk density, ݉௦ : Mass of the soil sample, ܸ : Volume of the stainless steel 220 

cylinder. 221 

 222 

In addition, the water content of each sample was a calculated using Eq. 2, and the average 223 

value was determined. 224 
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W (%) = ௐೈௐೄ × 100    (2) 225 

Where ܹ : Water content, ௌܹ : Weight of the solid fraction, ௐܹ : Weight of the liquid 226 

fraction. 227 

 228 

Measurement of Mechanical Soil Properties 229 

Traction-related performance parameters, such as soil thrust and slip ratio generated during 230 

tire travel, are influenced by the mechanical properties of the soil (Kim et al., 2020). To 231 

evaluate the shear strength characteristics of the soil, a direct shear test was conducted. Among 232 

the mechanical soil properties, cohesion (ܿ) and internal friction angle (∅) were measured in 233 

accordance with the KS F 2343 standard test method. The shear strength parameters obtained 234 

from the direct shear test were used as fundamental data for quantitatively comparing soil shear 235 

resistance characteristics and for analyzing tractive performance (Park & Jeong, 2018). 236 

 237 

Soil-bin Test Procedure 238 

Experimental Design 239 

An overview of the experimental procedure for the soil-bin test conducted in this study is 240 

shown in Fig. 6. 241 

 242 
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 243 

Fig. 6 Schematic overview of the experimental procedure for the soil-bin test. 244 

 245 

The experiments were performed by setting the vertical load and wheel rotational speed as 246 

input conditions and inducing soil-tire interaction during straight-line travel at a constant speed. 247 

During the traveling process, slip may occur due to soil-tire interaction. The slip ratio was 248 

calculated using the difference between the theoretical traveling distance of the tire and the 249 

actual traveling distance. As an output parameter, variations in the driving motor torque were 250 

measured. 251 

Subsequently, soil thrust was estimated based on the measured motor torque in order to 252 

quantitatively evaluate how the load input to the tire drive system was converted into effective 253 

propulsive force at the ground. Finally, slip efficiency was calculated using the slip ratio to 254 

quantitatively assess how efficiently the input load to the tire drive system was converted into 255 

actual traveling performance under varying vertical load conditions. 256 
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To analyze the characteristics of soil thrust and slip ratio according to changes in vertical 257 

load, as well as to evaluate the load demand on the driving motor, straight-line traveling tests 258 

were conducted using the soil-bin. The tests were designed to maintain identical traveling 259 

conditions under different vertical load levels. In addition, to ensure data reliability under 260 

varying vertical load conditions, the soil surface condition and height were maintained 261 

uniformly. As shown in Fig. 7, the soil surface was leveled using a roller, and the leveling 262 

process was performed before each repeated test. 263 

 264 

 265 

Fig.7 Soil surface leveling process prior to testing. 266 

 267 

The vertical load was set to five levels: 0, 10, 20, 30, and 40 kg, considering the performance 268 

limits of the motor. In sandy soil, vertical load has a greater influence on soil thrust than contact 269 

area; therefore, vertical load was selected as the primary experimental variable. The same test 270 

procedure was applied under each vertical load condition, and the tire was controlled to move 271 

in a straight line at a constant traveling speed during the test. 272 
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The traveling speed was fixed at 0.5 m/s, and the traveling distance for each test was set to 273 

3 m. By applying identical traveling speed and distance under all vertical load conditions, the 274 

effects of vertical load variation on soil-tire interaction and the accompanying changes in motor 275 

torque and rotational characteristics were compared and analyzed. 276 

Each test condition was repeated five times to ensure the reliability and repeatability of the 277 

measured data, including soil thrust, slip ratio, and motor load-related parameters. The 278 

experimental design conditions are summarized in Table 3. 279 

 280 

Table 3 Experimental design conditions 281 

Unit Condition 

Vertical Load (kg) 0, 10, 20, 30, 40 

Traveling speed (m/s) 0.5 

Traveling distance (m) 3 

Number of repetitions 5 

 282 

Measurement Parameters of the Test System 283 

The tire was driven by a motor mounted on the rotational shaft, and measurement parameters 284 

listed in Table 4 were collected using encoders installed inside the motors. The data were 285 

recorded at a sampling frequency of 100 Hz. 286 

 287 

Table 4 Measured parameters obtained from Motor1 and Motor2 288 
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Time RPM Torque Speed Distance 

s 
rpm N·m m/s m 

 289 

Motor1 was directly coupled to the wheel axle through a reducer and served as the driving 290 

motor responsible for rotating the tire. In contrast, Motor2, mounted on the pulley, was not 291 

involved in driving the tire. Instead, it rotated passively as the tire rotated and measured the 292 

actual traveling distance and speed of the tire using its encoder. Therefore, Motor2 did not 293 

influence tire driving and was used purely as a sensor for measurement purposes. 294 

 295 

Tire Slip 296 

The slip ratio of the tire was calculated using the difference between the theoretical traveling 297 

distance generated by tire rotation and the actual traveling distance on the ground. Encoder 298 

data measured from Motor1 and Motor2 were used to calculate the slip ratio. The theoretical 299 

traveling distance was calculated from the rotational displacement measured by Motor1, and 300 

the actual traveling distance was calculated from the rotational displacement measured by 301 

Motor2. Based on these values, the slip ratio was defined as shwon in Eq. 3: 302 

S = ஽1−஽2஽1 × 100 (%)    (3) 303 

Where ܵ: Slip ratio, 1ܦ: Theoretical traveling distance, 2ܦ: Actual travel distance. 304 

 305 

In this study, the slip ratio was used as an indicator to quantitatively represent the degree of 306 

slippage caused by soil-tire interaction. 307 
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 308 

Soil Thrust 309 

Soil thrust was defined as the force generated in the driving direction by the tire through 310 

interaction with the soil. In this study, soil thrust was calculated using the driving torque 311 

measured at Motor1. 312 

The driving torque measured at Motor1 represents the wheel torque acting on the tire rotation 313 

axis. By dividing this torque by the tire radius (0.3262 m), soil thrust was defined as shown in 314 

Eq. 4: 315 

H = ்ೢ௥     (4) 316 

Where ܪ: Soil thrust, ௪ܶ: Torque of wheel, ݎ: Tire radius. 317 

 318 

Slip Efficiency 319 

In this study, slip efficiency (  ௦) was calculated to evaluate the effective traveling 320ߟ

performance relative to the driving power input to the tire. Slip efficiency represents the loss 321 

associated with the reduction in traveling speed caused by tire slip (Li & Wang, 2014; Stefanow, 322 

2025; Wong, 2024). 323 

In previous studies, tractive efficiency has generally been defined as the ratio of effective 324 

tractive power based on net traction force to the input driving power, representing an overall 325 

energy efficiency index that includes not only slip losses but also rolling resistance and soil 326 

resistance. In contrast, the present study defined slip efficiency based solely on the reduction 327 

in actual traveling speed induced by slip. 328 
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The slip ratio (ܵ) of the tire was defined using the difference between the theoretical traveling 329 

speed ( ௪ܸ) and the actual traveling speed ( ௔ܸ), as expressed in Eq. 5: 330 

ܵ = ௏ೢ −௏ೌ௏ೢ × 100 (%)    (5) 331 

Where ܵ: Slip ratio, ௪ܸ: Theoretical driving speed, ௔ܸ: Actual driving speed. 332 

 333 

By rearranging Eq. 5 with respect to the actual traveling speed, ௔ܸ can be expressed as ௔ܸ =334 (1 − ܵ) ௪ܸ. The effective power generated by the soil thrust (ܪ) at the actual traveling speed 335 

was defined as ௦ܲ௢௜௟, as shown in Eq. 6 (Zoz & Grisso, 2003): 336 

௦ܲ௢௜௟ = ܪ × ௔ܸ    (6) 337 

Where ௦ܲ௢௜௟: Effective power, ܪ: Soil thrust, ௔ܸ: Actual driving speed. 338 

 339 

The input driving power applied to the wheel, ௪ܲℎ௘௘௟, was defined as the product of wheel 340 

torque ( ௪ܶ) and angular velocity (߱௪), as expressed in Eq. 7 (Zoz & Grisso, 2003): 341 

௪ܲℎ௘௘௟ = ௪ܶ × ߱௪    (7) 342 

Where Pwheel: Input power, Tw: Torque of wheel, ߱w: Wheel angular velocity. 343 

 344 

Using the relationship between the wheel angular velocity and the theoretical traveling speed, 345 

as given in Eq. 8, together with the definition of soil thrust in Eq. 9, the input driving power 346 

can be rewritten as Eq. 10: 347 

௪ܸ = ݎ × ߱௪    (8) 348 

Where ௪ܸ: Theoretical driving speed, ݎ: Radius of tire, ߱w: Wheel angular velocity. 349 

 350 
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ܪ = ்ೢ௥     (9) 351 

Where ܪ: Soil thrust, ௪ܶ: Torque of wheel, ݎ: Radius of tire. 352 

 353 

௪ܲℎ௘௘௟ = ܪ × ௪ܸ    (10) 354 

Where ௪ܲℎ௘௘௟: Input power, ܪ: Soil thrust, ௪ܸ: Theoretical driving speed. 355 

 356 

Accordingly, under the condition of identical soil thrust, the ratio of the power effectively 357 

used for actual traveling to the input driving power can be expressed as the ratio of the actual 358 

traveling speed to the theoretical traveling speed, as shown in Eq. 11 (Stefanow, 2025): 359 

௦ߟ = ௉ೞ೚೔೗௉ೢℎ೐೐೗ = ு×௏ೌு×௏ೢ = ௏ೌ௏ೢ = 1 − ܵ (11) 360 

Where ߟ௦: Slip efficiency, ௦ܲ௢௜௟: Effective power, ௪ܲℎ௘௘௟: Input power, ௔ܸ: Actual driving 361 

speed, ௪ܸ: theoretical driving speed, ܵ: Slip ratio. 362 

 363 

Based on the above relationships, slip efficiency (ߟ௦) was calculated for each test condition 364 

using the measured slip ratio, and the slip behavior and traveling performance characteristics 365 

according to variations in vertical load were analyzed. 366 

 367 

Gross Traction Coefficient 368 

In this study, the gross traction coefficient was calculated to compare the absolute magnitude 369 

of soil thrust under different vertical load conditions and to enable normalized comparison of 370 

propulsion performance when vertical loads differed (Zoz & Grisso, 2003). The gross traction 371 

coefficient is defined as a dimensionless index obtained by normalizing the soil thrust 372 
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generated at the soil-tire contact interface by the vertical dynamic load. This coefficient was 373 

used to analyze the relationship between slip and propulsion performance by allowing 374 

consistent comparison across varying vertical load conditions (Shafaei et al., 2021). The gross 375 

traction coefficient was defined as shown in Eq. 12: 376 

௚௧ߟ = ுௐ೏೤೙ (12) 377 

Where ߤ௚௧: Gross traction coefficient, ܪ: Soil thrust, ௗܹ௬௡: Vertical dynamic load. 378 

 379 

The vertical dynamic load was calculated as the product of gravitational acceleration and the 380 

sum of the mass of the drive unit and the additional vertical load, as expressed in Eq. 13: 381 

ௗܹ௬௡ = (݉ௗ௥௜௩௘ + ݉௩௘௥௧௜௖௔௟)݃ (13) 382 

Where ௗܹ௬௡: Vertical dynamic load, ݉ௗ௥௜௩௘: Mass of the drive unit, ݉௩௘௥௧௜௖௔௟: Additional 383 

vertical load. 384 

 385 

All tests were conducted under constant straight-line traveling speed conditions, and the 386 

effects of load transfer or inertial forces were not considered. The gross traction coefficient 387 

calculated in this study does not represent a traction coefficient based on rolling resistance or 388 

drawbar pull, but rather an index based on the total thrust provided by the soil to the tire, namely 389 

soil thrust. 390 

The gross traction coefficient used in this study should be interpreted as a supplementary 391 

performance index rather than a drawbar-based traction coefficient. In soil-bin experiments 392 

where rolling resistance and drawbar pull cannot be independently measured, traction-related 393 

indices normalized by vertical load have been widely used to enable relative comparison of 394 

soil thrust mobilization under different loading conditions (Zeng et al., 2022; Zoz & Grisso, 395 
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2003). 396 

Moreover, previous studies have reported that normalized traction indices do not necessarily 397 

vary in the same manner as slip-related efficiency metrics, particularly under deformable soil 398 

conditions, highlighting the importance of interpreting gross traction coefficient in conjunction 399 

with slip ratio and efficiency rather than as an absolute indicator of tractive performance 400 

(Shafaei et al., 2021). 401 

Therefore, this coefficient was used as a supplementary performance indicator to analyze 402 

soil shear behavior and thrust mobilization characteristics with respect to variations in slip ratio. 403 

 404 

Experimental Soil-bin Tests 405 

Statistical analyses were conducted to quantitatively verify the effects of variations in 406 

vertical load on tractive performance. The dependent variables analyzed were Motor1 torque, 407 

soil thrust, slip ratio, and slip efficiency. The independent variable was defined as the vertical 408 

load condition, and each load level was treated as an independent group. 409 

All experimental data were obtained from five repeated measurements for each vertical load 410 

condition. Based on the repeated measurements, descriptive statistics centered on the mean 411 

were calculated to examine the basic distributional characteristics of the data. Subsequently, 412 

one-way analysis of variance (ANOVA) was applied to determine whether significant 413 

differences existed among the mean values across different vertical load conditions 414 

(Montgomery, 2013). 415 

Prior to performing ANOVA, the assumption of homogeneity of variances among groups 416 
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was assessed using Levene’s test. Levene’s test evaluates the equality of variances based on 417 

the absolute deviations between individual observations and the central tendency of each group. 418 

In this study, considering the limited sample size and the potential non-normality of the data 419 

distribution, the Levene test statistic based on the median was employed as the measure of 420 

central tendency (Brown & Forsythe, 1974; Montgomery, 2013). This approach provides a 421 

more robust assessment of variance homogeneity in the presence of non-normal distributions 422 

or potential outliers. 423 

When the one-way ANOVA indicated statistically significant differences among vertical 424 

load conditions, post hoc analyses were conducted to identify the specific load intervals 425 

exhibiting significant differences. To control for the accumulation of Type I error due to 426 

multiple comparisons, Tukey’s Honestly Significant Difference (HSD) test was applied, 427 

following confirmation of variance homogeneity based on the Levene test results. Tukey’s 428 

HSD compares all possible pairwise group means using a common criterion and is widely used 429 

in conjunction with ANOVA to evaluate statistical significance among group means. 430 

In addition, to quantitatively assess the magnitude of the effect of vertical load conditions 431 

on each dependent variable, an effect size measure based on ANOVA was calculated. Eta-432 

squared (2ߟ) was used as the effect size index, enabling evaluation of the relative influence of 433 

vertical load variation on each performance indicator. 434 

All statistical analyses were performed using IBM SPSS Statistics (Version 29.0.2.0, IBM 435 

Corp., Armonk, NY, USA), and the significance level was set at 0.05. 436 

 437 

Results and Discussion 438 
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Results of Soil Property Measurements 439 

Based on the particle size distribution analysis conducted to classify the soil used in the soil-440 

bin, the soil was identified as sandy soil. The detailed results are presented in Table 5. 441 

 442 

Table 5 Particle size distribution of the soil 443 

Component Percentage (%) 

Sand 96 

Silt 2 

Clay 2 

Soil texture Sand 

 444 

The physical and mechanical properties of the soil sampled from the soil-bin are summarized 445 

in Table 6. All measured values were calculated as the average of experimental results obtained 446 

from samples collected at 16 grid locations. 447 

 448 

Table 6 Particle size distribution of the soil 449 

Unit Value 

Bulk density (kg/m3) 1565.02 

Water Content (%) 0.043 

Cohesion (kPa) 2.94 
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Internal friction angle (°) 18.8 

 450 

The soil used in this study was dry sandy soil with a particle diameter of 0.18-0.20 mm. The 451 

measured water content was approximately 0.04%, indicating that the soil contained negligible 452 

moisture. The results of the direct shear test showed that the cohesion was 2.94 kPa and the 453 

internal friction angle was 18.8°. According to Eq. 14, due to the inherent characteristics of 454 

sandy soil, the cohesion is relatively small, and therefore the shear resistance is predominantly 455 

governed by the normal load and the internal friction angle. 456 

߬ = ܿ + ݌ tan ∅    (14) 457 

Where ߬: Shear stress, ܿ: Cohesion, ݌: Normal stress, ∅: Internal friction angle. 458 

 459 

Motor Load Analysis Results 460 

The motor load data analyzed in this study consist of the variations in torque and rotational 461 

speed of Motor1 under different normal load conditions. For each normal load condition, the 462 

experiment was repeated five times, and the measured data were averaged for analysis. The 463 

motor load characteristics according to the normal load conditions are shown in Fig. 8, and the 464 

average Motor1 torque values are summarized in Table 7. 465 

 466 
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 467 

(a) 468 

 469 

(b) 470 
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 471 

(c) 472 

 473 

(d) 474 



29 

 

 475 

(e) 476 

Fig.8 Motor load characteristics under different normal load conditions: (a) 0 kg, (b) 10 kg, 477 

(c) 20 kg, (d) 30 kg, (e) 40 kg. 478 

 479 

 480 

Table 7 Average motor torque and speed under different normal load conditions 481 

Normal Load Motor1 Torque Motor1 Speed 

kg N·m rpm 

0 8.824 

14.6 

10 10.052 

20 10.703 

30 13.001 

40 15.317 

 482 
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The average motor torque was lowest under the 0 kg normal load condition, with a value of 483 

approximately 8.82 N·m. Under the 40 kg condition, the average motor torque increased to 484 

approximately 15.32 N·m, representing an increase of about 1.74 times compared to the 0 kg 485 

condition. Because the traveling speed was maintained at 0.5 m/s during the test design, the 486 

motor rotational speed in the working section remained nearly constant at an average value of 487 

approximately 14.6 rpm for all normal load conditions. This result indicates that the drive 488 

control system of the test apparatus was able to stably maintain the motor rotational speed 489 

despite variations in the applied normal load. 490 

As the normal load increased, the average motor torque in the working section exhibited an 491 

overall increasing trend. The results of the one-way analysis of variance (ANOVA) conducted 492 

to examine the differences in mean motor torque among the normal load conditions are 493 

presented in Table 8, and the results of Levene’s test are shown in Table 9. 494 

 495 

Table 8 Results of one-way ANOVA for Motor1 torque 496 

ANOVA 

ANOVA effect size 

Between-group 

F p-value ࣁ૛ 

222.417 < 0.001 0.978 

 497 

Table 9 Results of Levene’s test for Motor1 torque 498 

Median based 
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Levene’s statistic df1 df2 p-value 

1.479 4 20 0.246 

 499 

The one-way ANOVA results indicated that the main effect of the normal load condition 500 

was statistically significant (F = 222.417, p < 0.001). The effect size obtained from the ANOVA 501 

was η² = 0.978, indicating that the normal load condition had a strong influence on the variation 502 

in motor torque. This result confirms that an increase in normal load is a major factor that 503 

significantly increases the torque demand of the motor. 504 

The Levene’s test conducted to evaluate the homogeneity of variances showed a median-505 

based significance value of 0.246 (p > 0.05), satisfying the assumption of equal variances. 506 

Accordingly, Tukey’s honestly significant difference (HSD) post-hoc test was applied, and the 507 

results are presented in Table 10. 508 

 509 

Table 10 Results of Tukey’s HSD post-hoc test for Motor1 torque 510 

Comparison Mean difference p-value Separation 

0-10 kg -1.301 < 0.01 separated 

10-20 kg -0.677 0.080 borderline 

20-30 kg -2.267 < 0.01 separated 

30-40 kg -2.288 < 0.01 separated 

 511 

The post-hoc analysis revealed that the average motor torque increased significantly in the 512 

0-10 kg, 20-30 kg, and 30-40 kg intervals (p < 0.001). In contrast, although an increase in 513 
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average motor torque was observed between the 10-20 kg conditions, the difference between 514 

these two conditions was classified as borderline at the 0.05 significance level (p = 0.080). This 515 

result suggests that, in the low normal load range, the motor torque response to increasing load 516 

is relatively gradual, whereas a more pronounced increase in torque demand occurs beyond a 517 

certain load threshold. 518 

The changes in motor load characteristics according to the normal load conditions are further 519 

discussed in the following section in relation to variations in soil thrust, slip behavior, and slip 520 

efficiency. 521 

 522 

Tractive Performance Analysis Results 523 

The tractive performance parameters evaluated in this study were the slip ratio (ܵ), soil thrust 524 

 For each normal load condition, 525 .(௚௧ߤ) and gross traction coefficient ,(ௌߟ) slip efficiency ,(ܪ)

the experiments were repeated five times, and the results were summarized using the mean 526 

values. The slip ratio and soil thrust measured under different normal load conditions are 527 

presented in Fig. 9. In addition, the average and maximum values of soil thrust, the average 528 

slip ratio, the average slip efficiency, and the average gross traction coefficient are summarized 529 

in Table 11. 530 

 531 



33 

 

 532 

(a) 533 

 534 

(b) 535 
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 536 

(c) 537 

 538 

(d) 539 
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 540 

(e) 541 

Fig.9 Soil thrust and slip ratio under different normal load conditions: (a) 0 kg, (b) 10 kg, (c) 542 

20 kg, (d) 30 kg, (e) 40 kg. 543 

 544 

Table 11 Average and maximum of soil thrust, average of slip ratio, slip efficiency and gross 545 

traction coefficient 546 

Normal Load 

 ࢚ࢍࣆ ࢙ࣁ ࡿ ࡴ
Average Max Average 

kg N % - 

0 27.073 37.279 49.346 50.654 0.0438 

10 31.013 43.508 48.636 51.364 0.0433 

20 33.144 46.071 46.901 53.099 0.0407 

30 40.085 50.829 49.551 50.449 0.0439 

40 47.194 57.426 52.064 47.939 0.0467 

 547 
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The results of the one-way analysis of variance (ANOVA) conducted to examine the 548 

statistical significance of the mean differences in tractive performance parameters according to 549 

the normal load conditions are presented in Table 12, and the results of Levene’s homogeneity 550 

of variance test are shown in Table 13. 551 

 552 

Table 12 Results of one-way ANOVA for tractive performance parameters 553 

 

ANOVA 

ANOVA effect size 

Between-group 

F p-value ࣁ૛ 0.574 0.001 6.739 ࡿࣁ 0.489 0.001 6.738 ࡿ 0.978 0.001 > 222.417 ࡴ 

 554 

Table 13 Results of Levene’s test for tractive performance parameters 555 

 Median based 

 Levene’s statistic df1 df2 p-value 0.273 20 4 3.105 ࡿࣁ 0.279 20 4 3.106 ࡿ 0.246 20 4 19.243 ࡴ 

 556 

The one-way ANOVA results indicated that the mean differences among normal load 557 

conditions were statistically significant for all three parameters. For soil thrust, a very high 558 
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level of statistical significance was observed (F = 222.417, p < 0.001), with an effect size of 559 

0.978. This result indicates that, under sandy soil conditions, the normal load plays a dominant 560 

role in variations of soil thrust and the formation of tractive force. 561 

The mean differences in slip ratio and slip efficiency were also statistically significant, with 562 

effect sizes of 0.489 and 0.574, respectively, indicating that the normal load condition 563 

significantly influenced both parameters. 564 

Based on the median-centered Levene’s test results, the significance levels for all three 565 

parameters exceeded 0.05, confirming that the assumption of homogeneity of variances was 566 

satisfied. Therefore, the ANOVA results obtained in this study can be interpreted under the 567 

assumption of equal variances, and Tukey’s HSD post-hoc test was subsequently applied. The 568 

post-hoc test results are summarized in Table 14. 569 

 570 

Table 11 Results of Tukey’s HSD post-hoc test for Motor1 torque 571 

 Comparison Mean difference p-value Separation 

Soil thrust 

0-10 kg -1.301 < 0.001 separated 

10-20 kg -0.677 0.080 borderline 

20-30 kg -2.267 < 0.001 separated 

30-40 kg -2.288 < 0.001 separated 

Slip ratio & 

Slip Efficiency 

0 kg 

10 kg 0.811 0.881 not separated 

20 kg 2.270 0.107 not separated 

30 kg 0.085 1.000 not separated 

40 kg -2.145 0.139 not separated 
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10 kg 

20 kg 1.458 0.470 not separated 

30 kg -0.727 0.917 not separated 

40 kg -2.956 0.021 separated 

20 kg 

30 kg -2.185 0.128 not separated 

40 kg -4.414 0.001 not separated 

30 kg 40 kg 2.229 0.001 separated 

 572 

As the normal load increased, the average soil thrust exhibited an approximately linear 573 

increasing trend. The average soil thrust increased from approximately 27.07 N at the 0 kg 574 

condition to approximately 47.19 N at the 40 kg condition, representing an increase of about 575 

1.74 times. The maximum soil thrust showed a trend similar to that of the average values, 576 

confirming that increasing normal load played a dominant role in soil thrust generation. This 577 

behavior can be attributed to the expansion of the soil-tire contact area and the concurrent 578 

increase in soil bearing capacity and shear resistance with increasing normal load. 579 

According to the results of Tukey’s HSD post-hoc test, the average soil thrust increased 580 

significantly in the 0-10 kg, 20-30 kg, and 30-40 kg intervals (p < 0.001). In contrast, although 581 

an increase in average soil thrust was observed between the 10 kg and 20 kg conditions, the 582 

difference was classified as borderline at the 0.05 significance level (p = 0.080). This result 583 

suggests that, in the low-load region, soil shear resistance is gradually mobilized with 584 

increasing load, resulting in a relatively moderate increase in soil thrust. 585 

Meanwhile, the increase in soil thrust with increasing normal load should be interpreted not 586 

only as a change in tractive performance at the soil-tire interface, but also in conjunction with 587 

the increased load demand imposed on the tire drive system. As the normal load increases, tire 588 
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sinkage and contact area increase, leading to higher soil deformation resistance and rolling 589 

resistance, which in turn increase the torque required to drive the tire. Therefore, the observed 590 

increase in soil thrust under identical traveling speed conditions does not necessarily indicate 591 

an improvement in pure tractive efficiency, but rather reflects the combined effect of increased 592 

input load to the drive system. 593 

The slip ratio behavior with respect to changes in normal load did not exhibit a monotonic 594 

increasing or decreasing trend, but instead showed non-monotonic behavior, with minimum or 595 

maximum values occurring at specific load conditions. This trend differs from the 596 

approximately linear increase observed in Motor1 torque and soil thrust with increasing normal 597 

load. 598 

At the 0 kg and 10 kg normal load conditions, the average slip ratios were approximately 599 

49.35% and 48.64%, respectively, which are relatively high values. This indicates that, in the 600 

low-load region, insufficient effective soil shear resistance was mobilized, causing the tire to 601 

experience rolling accompanied by substantial slip. In contrast, at the 20 kg condition, the 602 

average slip ratio reached its minimum value of approximately 46.90%, suggesting that the soil 603 

was compacted to an appropriate degree and that shear strength was effectively mobilized at 604 

the soil-tire interface (Damanauskas & Janulevičius, 2015; Koolen & Kuipers, 1983; Md-Tahir 605 

et al., 2019; Rasool & Raheman, 2018). This indicates that the balance between soil shear 606 

resistance and soil compaction was most stable at this load condition. 607 

As the normal load further increased to 30 kg and 40 kg, the average soil thrust continued to 608 

increase; however, the average slip ratio increased again to approximately 49.55% and 52.06%, 609 

respectively. According to the Tukey’s HSD post-hoc test results, the differences in average 610 

slip ratio between the 20-30 kg and 30-40 kg conditions (p = 0.128 and p = 0.116) were not 611 
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statistically significant at the 0.05 level. However, the 40 kg condition exhibited a significantly 612 

higher average slip ratio compared to the 10 kg and 20 kg conditions (p = 0.021 and p < 0.001). 613 

This behavior can be interpreted as the result of excessive tire sinkage and localized shear 614 

deformation and shear failure in the surrounding soil under high-load conditions (30 and 40 615 

kg). Consequently, although soil thrust increased, the accompanying increase in soil resistance 616 

led to a higher slip ratio. 617 

The average graph of slip efficiency according to normal load is shown in Fig. 10. 618 

 619 

 620 

Fig.10 Slip efficiency under different normal load conditions. 621 

 622 
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Slip efficiency also exhibited non-monotonic behavior similar to that of the slip ratio, which 623 

can be interpreted as the result of the interaction between increasing drive load and slip 624 

behavior with increasing normal load. As the required load on the tire drive system increases, 625 

the extent to which the input driving energy is effectively converted into actual tractive 626 

performance is governed by slip behavior. Slip acts as a loss mechanism, whereby input energy 627 

is dissipated through soil deformation and relative motion. Beyond a certain normal load level, 628 

additional input load may not be converted into increased soil thrust, but instead leads to 629 

increased slip. Under such conditions, the rate of increase in effective tractive performance 630 

relative to the input load decreases, resulting in a reduction in slip efficiency. 631 

The average slip efficiency reached its maximum value of approximately 53.1% at the 20 kg 632 

normal load condition, which coincided with the condition exhibiting the minimum slip ratio. 633 

In contrast, the lowest average slip efficiency of approximately 47.94% was observed at the 40 634 

kg condition. 635 

According to the Tukey’s HSD post-hoc test results, the differences in average slip 636 

efficiency between the 20-30 kg and 30-40 kg conditions were not statistically significant (p = 637 

0.128 and p = 0.116). However, the 40 kg condition showed a statistically significant decrease 638 

in average slip efficiency compared to the 10 kg and 20 kg conditions (p = 0.021 and p < 0.001). 639 

These results indicate that even when the absolute magnitude of soil thrust increases, slip 640 

efficiency can decrease if the increase is accompanied by a higher slip ratio. Under the present 641 

test conditions, a normal load of approximately 20 kg provided the most balanced condition 642 

for mobilizing soil shear resistance while suppressing excessive slip. Thus, slip ratio and slip 643 

efficiency do not exhibit a simple monotonic relationship with increasing normal load, but 644 

rather demonstrate non-monotonic characteristics. 645 
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To normalize and compare the level of mobilized soil shear resistance under different normal 646 

load conditions, the gross traction coefficient was calculated. This dimensionless parameter, 647 

defined as the ratio of soil thrust to the vertical dynamic load, enables relative comparison of 648 

tractive performance even under different load conditions. The average gross traction 649 

coefficient at the 0 kg condition was approximately 0.0438, which was similar to that at the 10 650 

kg condition. At the 20 kg condition, the value decreased to 0.0407, but increased to a 651 

maximum of 0.0467 as the normal load increased to 30 kg and 40 kg. 652 

The average gross traction coefficient as a function of normal load is shown in Fig. 11. 653 

 654 

 655 

Fig.11 Gross traction coefficient under different normal load conditions. 656 

 657 

The calculated gross traction coefficient ranged from approximately 0.04 to 0.05, 658 
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corresponding to about 6-12% of the gross traction coefficient range (0.39-0.81) reported for 659 

tractors equipped with lug tires under tillage conditions (Shafaei et al., 2021). The gross traction 660 

coefficient is a dimensionless parameter obtained by normalizing soil thrust by the vertical 661 

dynamic load, and its absolute magnitude varies substantially depending on tire geometry and 662 

soil conditions (Wong, 2024; Zoz & Grisso, 2003). In particular, under dry sandy soil 663 

conditions with negligible moisture content, the mobilization of shear resistance at the soil-tire 664 

interface is limited, resulting in relatively low soil thrust. Previous soil-bin studies on granular 665 

soils have also reported that traction force and traction coefficient levels are strongly influenced 666 

by ground properties (Zeng et al., 2022). Due to these condition-specific differences, the gross 667 

traction coefficient obtained in this study appeared at a low level. 668 

As shown in Table 11 and Fig. 11, although the average soil thrust increased continuously 669 

with increasing normal load, the gross traction coefficient exhibited non-monotonic behavior, 670 

reaching a minimum value (0.0407) at 20 kg and increasing again in the 30-40 kg range. This 671 

indicates that, under conditions where both soil thrust and vertical dynamic load increase 672 

simultaneously, the rate of increase in soil thrust does not remain proportional to the rate of 673 

increase in normal load (Shafaei et al., 2021). Meanwhile, the fact that the gross traction 674 

coefficient reached its minimum value at 20 kg does not directly align with the results showing 675 

the minimum slip ratio (46.901%) and maximum slip efficiency (53.099%) at the same load 676 

condition. This discrepancy arises because the gross traction coefficient represents the 677 

normalized level of mobilized soil thrust, whereas slip ratio and slip efficiency more directly 678 

reflect losses associated with the conversion of input load into actual traveling motion. 679 

Therefore, even when the gross traction coefficient increases under the 30-40 kg conditions, an 680 

accompanying increase in slip ratio and decrease in slip efficiency may still occur. The present 681 

results demonstrate that the mobilization level of soil thrust (gross traction coefficient) and slip 682 
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efficiency do not necessarily vary in the same direction. 683 

As the normal load increased from 0 kg to 40 kg under sandy soil conditions, the average 684 

soil thrust increased from approximately 27.07 N to 47.19 N, corresponding to a 1.74-fold 685 

increase. Under the same conditions, the average slip ratio decreased to a minimum of 686 

approximately 46.90% at 20 kg and then increased to approximately 52.06% at 40 kg, while 687 

the average slip efficiency decreased from approximately 53.1% to 47.94%. These results 688 

quantitatively demonstrate that although increasing normal load contributes to an increase in 689 

the absolute magnitude of soil thrust, excessive sinkage and localized shear failure at higher 690 

load levels can lead to increased slip and a reduction in tractive efficiency. Therefore, to 691 

achieve optimal tractive performance, it is necessary to determine an appropriate normal load 692 

condition by considering not only the magnitude of soil thrust, but also slip ratio and slip 693 

efficiency simultaneously. 694 

 695 

Conclusions 696 

In this study, the effects of variations in normal load on the tractive performance of a single 697 

tire under sandy soil conditions were experimentally investigated using a soil-bin. Repeated 698 

straight-line traveling tests were conducted while incrementally increasing the normal load, 699 

and soil thrust, slip ratio, slip efficiency, and gross traction coefficient were quantitatively 700 

evaluated. 701 

The experimental results showed that soil thrust generally increased with increasing normal 702 

load, and the average soil thrust at the 40 kg condition increased by approximately 1.74 times 703 

compared to that at the 0 kg condition. This result indicates that, under sandy soil conditions, 704 
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normal load plays a dominant role in the formation of soil thrust. In contrast, slip ratio and slip 705 

efficiency did not exhibit monotonic trends with increasing normal load. Instead, non-706 

monotonic behavior was observed, with the minimum slip ratio and maximum slip efficiency 707 

occurring at approximately the 20 kg condition. Meanwhile, the gross traction coefficient also 708 

exhibited non-monotonic behavior with respect to normal load, suggesting that it can be used 709 

as a supplementary indicator for comparing the normalized level of mobilized soil thrust under 710 

different load conditions. 711 

These results indicate that variations in normal load do not lead to monotonic changes in 712 

tractive performance under sandy soil conditions. While increasing normal load consistently 713 

enhanced the absolute magnitude of soil thrust, slip-related performance indicators exhibited 714 

non-monotonic behavior, demonstrating the existence of an optimal normal load condition that 715 

cannot be identified based on thrust magnitude alone. This finding highlights the importance 716 

of jointly evaluating soil thrust and slip-related efficiency metrics when assessing load-717 

dependent tractive performance. 718 

As the normal load increased, the load demand on the drive system increased accordingly. 719 

However, under high normal load conditions, an increase in slip ratio was accompanied by a 720 

decrease in slip efficiency. This indicates that even when the absolute magnitude of soil thrust 721 

increases, the efficiency of conversion into effective tractive performance can decrease if slip 722 

losses increase simultaneously. Therefore, to achieve optimal tractive performance under sandy 723 

soil conditions, it is necessary to determine an appropriate normal load condition by jointly 724 

considering soil thrust, slip ratio, and slip efficiency, rather than relying solely on the 725 

magnitude of thrust. 726 

The present study was conducted under indoor soil-bin test conditions using a single tire, 727 
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and individual soil reaction components such as tire sinkage, rolling resistance, and bulldozing 728 

resistance were not separately measured. In future studies, simultaneous measurement of tire 729 

sinkage and independent evaluation of soil resistance components will be required to more 730 

quantitatively elucidate the soil-tire interaction mechanisms associated with increasing normal 731 

load. The soil-bin-based experimental results obtained in this study are expected to be useful 732 

as validation data for DEM-MBD coupled simulations or soil-tire interaction models. In 733 

addition, the tractive performance data acquired through the soil-bin can serve as experimental 734 

benchmark data for the validation and advancement of traction performance prediction models 735 

for off-road machinery, including agricultural machinery, construction equipment, and robotic 736 

platforms. 737 
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