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Abstract 

Tire performance over soft soil influences the performance of off-road vehicles on soft 

soil, as the tire is the only force transmitting element between the off-road vehicles and soil 

during the vehicle operation. One aspect of the tire performance over soft soil is the tire 

tractive performance on soft soil, and it attracts the attention of vehicle and geotechnical 

engineers. The vehicle engineer is interested in the tire tractive performance on soft soil 

because it is related to vehicle mobility and energy efficiency; the geotechnical engineer is 

concerned about the soil compaction, brought about by the tire traffic, which accompanies 

the tire tractive performance on soft soil. In order to improve the vehicle mobility and energy 

efficiency over soft soil and mitigate the soil compaction, itôs essential to develop an in-

depth understanding of tire tractive performance on soft soil.  

This study has enhanced the understanding of tire tractive performance on soft soil and 

promoted the development of terramechanics & tire model parameterization method through 

experimental tests. The experimental tests consisted of static tire deflection tests, static tire-

soil tests, soil properties tests, and dynamic tire-soil tests. The series of tests (test program) 

presented herein produced parameterization and validation data that can be used in tire off-

road traction dynamics modeling and terramechanics modeling. 

The 225/60R16 97S Uniroyal (Michelin) Standard Reference Test Tire (SRTT) and loamy 

sand were chosen to be studied in the test program. The tests included the quantification 

or/and measurement of soil properties of the test soil, pre-traffic soil condition, the pressure 

distribution in the tire contact patch, tire off-road tractive performance, and post-traffic soil 

compaction. The influence of operational parameters, e.g., tire inflation pressure, tire normal 

load, tire slip ratio, initial soil compaction, or the number of passes, on the measurement data 

of tire performance parameters or soil response parameters was also analyzed. New methods 

of the rolling radius estimation for a tire on soft soil and of the 3-D rut reconstruction were 



developed. A multi-pass effect phenomenon, different from any previously observed 

phenomenon in the available existing literature, was discovered.   

The test data was fed into optimization programs for the parameterization of the Bekkerôs 

model, a modified Bekkerôs model, the Magic Formula tire model, and a bulk density 

estimation model. The modified Bekkerôs model accounts for the slip sinkage effect which 

the original Bekkerôs pressure-sinkage model doesnôt. The Magic Formula tire model was 

adapted to account for the combined influence of tire inflation pressure and initial soil 

compaction on the tire tractive performance and validated by the test data. The 

parameterization methods presented herein are new effective terramechanics model 

parameterization methods, can capture tire-soil interaction which the conventional 

parameterization methods such as the plate-sinkage test and shear test (not using a tire as the 

shear tool) cannot sufficiently, and hence can be used to develop tire off-road dynamics 

models that are heavily based on terramechanics models.  

This study has been partially supported by the U.S. Army Engineer Research and 

Development Center (ERDC) and by the Terramechanics, Multibody, and Vehicle (TMVS) 

Laboratory at Virginia Tech. 
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General Audience Abstract 

Big differences exist between a tire moving in on-road conditions, such as asphalt lanes, 

and a tire moving in off-road conditions, such as soft soil. For example, for passenger cars 

commonly driven on asphalt lanes, normally, the tire inflation pressure is suggested to be 

between 30 and 35 psi; very low inflation pressure is also not suggested. By contrast, for off-

road vehicles operated on soft soil, low inflation pressure is recommended for their tires; the 

inflation pressure of a tractor tire can be as low as 12 psi, for the sake of low post-traffic soil 

compaction and better tire traction. Besides, unlike the research on tire on-road dynamics, 

the research on off-road dynamics is still immature, while the physics behind the off-road 

dynamics could be more complex than the on-road dynamics. In this dissertation, 

experimental tests were completed to study the factors influencing tire tractive performance 

and soil behavior, and model parameterization methods were developed for a better 

prediction of tire off-road dynamics models. Tire or vehicle manufacturers can use the 

research results or methods presented in this dissertation to offer suggestions for the tire or 

vehicle operation on soft soil in order to maximize the tractive performance and minimize 

the post-traffic soil compaction.  
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Chapter 1  
 

1 Introduction 

In this chapter, the research documented by this dissertation is introduced in terms of the 

motivation behind this research, the objectives to achieve in this research, and the main 

contributions of this research. Next, the organization of this dissertation is explained.  

1.1 Background and Motivation 

Tires mounted onto off-road vehicles are operated on deformable soil (soft soil) in 

multiple applications, e.g., a military vehicle on unpaved road in a military mission, a heavy-

duty vehicle in a construction site, a tractor ploughing on a field, a timber truck in a forest, 

a racing sport-utility vehicle (SUV) in the Dakar Rally, etc. Because of such applications, 

lots of research has been conducted previously in industry and academia to study tire-soil 

interaction that helps engineers to better understand and predict tire performance over soft 

soil and soil behavior under tire traffic. The study of tire-soil interaction involves knowledge 

fields such as soil mechanics, terramechanics, tire mechanics and heavily relies on 

experimental tests such as tire tests, soil tests, and tire-soil tests. The soil test and tire-soil 

test preferably require sufficient characterizations of the test soil condition and controllable 

soil condition. 

One concern in the study of tire-soil interaction is the tire tractive performance on soft 

soil. Model useful in tire off-road traction dynamics modeling can be semi-empirical or 

empirical which means some of its model parameters can be only determined by experimental 

tests. (The tire off-road traction theoretically accounts for off-road conditions including soft 

soil.) Some commonly used model parameterization methods, such as the plate-sinkage test 

and plate-shear test [1], might not be the best choice for tire off-road traction dynamics 

modeling. 
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Tire inflation pressure is an operational parameter that is of interest to the tire-soil 

interaction researchers, because it has been reported that changing tire inflation pressure led 

to the improvement in tire off-road tractive performance [1] and the reduction in soil 

compaction that is normally unwanted in agricultural applications [6].  

For passenger car tires and multi-purpose vehicle tires, little published test data is 

accessible on tire off-road tractive performance at a wide range of slip ratio and on the 

combined effect of tire inflation pressure, slip ratio, and initial soil compaction on tire off-

road tractive performance and soil response. Also, little information is available on using 

tire-soil test data to parameterize classical pressure-sinkage models for the tire off-road 

traction dynamics modeling. An application of the tire-soil test data to the parameterization 

of terramechanics model would add a new parameterization method for the tire off-road 

traction dynamics modeling in addition to the plate-sinkage test and plate-shear test. A very 

few pieces of existing literature discuss the multi-pass effect, let alone include the test data 

about the multi-pass effect. Besides, as a common tire on-road tractive performance 

prediction tool, the Magic Formula tire model only has a very few applications to the tire 

off-road tractive performance prediction [7], [8]. None of these applications considers the 

combined influence of tire inflation pressure and initial soil compaction.  

1.2 Research Objectives 

In order to address the concerns behind the background and motivation as described in 

previous subsection and to provide new insights into the study of tire traction on soft soil, 

the research documented in this dissertation was launched. The primary research objectives 

are listed as below:  

1. Perform necessary tire-soil tests, tire tests, or soil tests and develop relevant test 

methods to measure the parameters and relationships of interest about the tire off-road 

traction dynamics and the soil response to tire traffic, with the test soil condition being 

sufficiently characterized and repeatable.  

2. Investigate the influence of operational parameters on the parameters and relationships 
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of interest about the tire off-road traction dynamics and the soil response to tire traffic. 

Operational parameters include tire inflation pressure, slip ratio, normal load, initial 

soil compaction, and number of passes.  

3. Use the test data to parameterize models useful in the tire off-road traction dynamics 

modeling (evaluate the model parameters). Develop new parameterization methods for 

these models that are supposed to capture the physics of tire-soil interaction.  

1.3 Research Approach 

As for the research objectives listed in the last subsection, the first two research objectives 

were achieved by the experimental test methods that mainly comprised design of experiments 

(Table 4.3, Table 4.6, Table 4.7, Table 4.9, Table 4.10, and Table 4.11), the employment of 

the test facilities and tools (Section 3.1), and the soil preparation method (Section 3.2). Also, 

the test methods were developed only for the laboratory test, not for the field test.  

The accomplishment of the first two research objectives provided the basis for the 

fulfillment of the third research objective: the test data was fed into optimization programs 

for model parameterization. The test method and optimization program together formed the 

proposed model parameterization method.  

As for the optimization program, based on some commonly used algorithms, which aims 

to determine the model parameters, it will require a proper initial guess of model parameters. 

However, for a highly nonlinear model to which the optimization is applied, it is always 

difficult to obtain a proper initial guess of model parameters. To get over this, a genetic 

algorithm (Section 5.2.2) was incorporated into an optimization program for model 

parameterization in this study.  

To model a complex phenomenon and avoid a large computation cost that usually 

accomplishes most high-fidelity models which are based on the numerical method such as 

finite element method or discrete element method, the semi-empirical or empirical approach 

is normally adopted; this also applies to modeling the influence of variations in tire inflation 

pressure and initial soil compaction on the Magic Formula model output (Section 5.2.4) and 
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the slip sinkage effect on the Bekkerôs model parameter (Section 5.3.2).  

1.4 Research Contribution  

The research documented in this dissertation was intended to study tire tractive 

performance on soft soil. In this research, a Standard Reference Test Tire (SRTT) and a loamy 

sand were tested through multiple tire, soil, and tire-soil tests at the TMVS lab, Virginia Tech, 

and the test data was analyzed and fed into optimization programs to extract model 

parameters. The principal research contributions are listed below:  

¶ A lab test method was developed to study tire traction on soft soil. The test method 

includes an estimation method of the rolling radius at low wheel longitudinal speed 

under various levels of soil compaction, a method to reconstruct the rut formed by the 

tire traffic, a method to sufficiently characterize the soil condition of the prepared test 

soil, and an on-site soil compaction evaluation method. (Soil compaction is 

characterized by bulk density.) 

¶ The combined influence of tire inflation pressure, initial soil compaction, and slip 

ratio on drawbar pull, rut depth, rut length, tire sinkage, and drawbar efficiency in 

traction mode; the combined influence of tire inflation pressure, initial soil 

compaction, and normal load on motion resistance coefficient, rut depth, and rolling 

radius in towing mode; and the combined influence of initial soil compaction, tire 

normal load, and tire inflation pressure on loaded radius, rut depth and rut length for 

a non-rolling tire were analyzed.  

¶ A new phenomenon that involves the multi-pass effect and rut fluctuation is 

discovered in the laboratory multi-pass tire-soil tests. This phenomenon is different 

from any phenomenon of the multi-pass effects recorded in the existing literature. A 

physical explanation was provided about the mechanism behind this phenomenon.  

¶ Parameterization methods were developed for a bulk density estimation model, the 

Bekkerôs pressure-sinkage model, a modified Bekkerôs pressure-sinkage model, and 

the Magic Formula tire model. In the parameterization methods, the test data was fed 
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into optimization programs to compute model parameters. The modified Bekkerôs 

pressure-sinkage model could account for the slip sinkage effect and has been 

validated, in terms of the rut depth prediction, against the test data. The Magic 

Formula tire model was adapted for variations in tire inflation pressure and initial soil 

compaction; its accuracy in predicting the drawbar pull of tire on soft dry soil was 

validated against the test data.  

¶ The proposed parameterization method for the Bekkerôs model or the modified 

Bekkerôs model, which uses the rut reconstruction from the laboratory static tire-soil 

tests or uses the test data from laboratory dynamics tire-soil tests and static tire 

deflection test (on the rigid ground), is a new Bekkerôs model parameterization 

method, compared with the conventional parameterization method based on the plate-

sinkage test. The modified Bekkerôs model, parameterized by this new method, was 

validated against the test data.  

Due to the fact that an SRTT is commonly used in tire tests conducted by tire 

manufacturers, it was chosen for the experimental and modeling part of this study. Also due 

to the fact that a large amount of soil that can fill the soil bin of the T-Rig is not always 

attainable; shipping this amount of soil from the soil provider to the TMVS lab cannot be 

completed within short time, only the loamy sand was tested in this study. However, the 

developed test methods and parameterization methods in this study are generally applicable 

to other tires and soils. The developed test methods can produce parameterization and 

validation data to be used in tire off-road traction dynamics modeling and terramechanics 

modeling. The developed parameterization method can be used to develop off-road tire 

dynamics models.  

1.5 Dissertation Outline 

This dissertation is organized in six chapters, and each chapter is summarized as follows:  

Chapter 1 offers an introduction of this study. 

Chapter 2 presents a comprehensive literature review on experimental tests and proposed 
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models for the study of tire-soil interaction from previous research; the major topics involved 

are the soil condition characterization and parameters of interest in the experimental tests, 

the modeling approaches, model parameterization, and crucial relationships & parameters in 

and tire off-road traction dynamics, the effect of tire inflation pressure on tire off-road 

tractive performance, and the basic terminology in tire-soil interaction.  

Chapter 3 describes the tools & apparatus and soil preparation method for the 

experimental tests of this study. The functions of the Terramechanics Rig and the use of the 

tools to measure the soil and tire parameters in the tests and to prepare the soil are explained 

in this chapter.  

Chapter 4 first introduces the relationships between the tests whose design of experiment, 

procedures, and results for the tests are described next in this chapter; the test data is 

displayed and analyzed.  

Chapter 5 details the evaluation of the model parameters using the test data collected. 

Models of interest and the proposed model are explained first, followed by the comparison 

between the test data and the model prediction that uses the model parameters evaluated by 

the proposed model parameterization methods.  

Finally, Chapter 6 summarizes the findings of this study, documents the comments 

pertinent to this study, and proposes future research directions. 
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Chapter 2  
 

2 Literature Review 

This chapter includes materials from [10] by R. He, C. Sandu, A. K. Khan, A. G. Guthrie, 

P. S. Els and H. A. Hamersma; [11] by R. He, C. Sandu, and J. E. Osorio; and [12] by R. He, 

C. Sandu, and J. E. Osorio, with the permission from Elsevier, and the agreement attached.  

The tire-soil interaction influences tire tractive performance on soft soil and soil reaction 

to tire traffic. Research on multiple aspects of tire-soil interaction has been previously 

conducted by various approaches. Common modeling and test methods and typical aspects 

of tire-soil interaction are reviewed in this chapter; the research directions worth exploring 

of these reviewed topics are also pointed out. This chapter will cover:  

¶ A brief introduction on terminology in tire-soil interaction. 

¶ Soil parameters to characterize the soil condition,  

¶ Relationships and parameters of interest in experimental tests and modeling, 

¶ Tire inflation pressure influences, and 

¶ Existing models in tire off-road traction dynamics 

2.1 Basic Terminology in Tire-Soil Interaction 

The parameters that characterize the tire-soil contact patch, the tire off-road dynamics, 

and the soil deformation donôt have a uniform definition in existing literature. The definition 

of the parameters commonly used in the tire on-road dynamics might not work for the tire 

off-road dynamics because of the difference between the physics of the former and the latter. 

Therefore, in this section, the basic terminology about tire and soil that is employed in this 

dissertation is explained. 
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It is reported in some literature that when the terrain stiffness is significantly lower than 

the total tire stiffness (the carcass stiffness plus the inflation pressure), the flexible tire on 

the terrain can be regarded as a rigid wheel (the rigid mode of operation) [13], [14]. However, 

it was found according to the test data, as it will be presented later in Section 4.3.2, that the 

test tire on the soil, under the normal load, has non-zero tire deflection (the elastic mode of 

operation). Given the elastic mode of operation, it is assumed that the tire-soil interaction of 

a non-rolling tire and a rolling tire can be illustrated by the following two-dimensional 

schematics in Figure 2.1. As shown in Figure 2.1b, unlike the flat tire contact patch in the 

tire on-road dynamics, the tire-soil contact patch consists of a flattened portion AB, a curved 

portion BC at the front of the tire, and a curved portion AD at the rear of the tire. 

 
(a) A non-rolling tire on soil 

 
(b) A rolling tire on soil a rolling tire on soil 

Figure 2.1: Schematics of tire-soil interaction. 

A rut is formed to the left of the point D (for the tire moving to the right, as indicated in 

Figure 2.1b), and rut depth, also named the plastic deformation of soil or residual sinkage in 

some literature [15], [16], is defined as the vertical distance between the rut bottom (after 

the traffic) and the rut bottomôs original undisturbed surface (before the traffic).  
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Sinkage is defined as the vertical displacement from its original position (before the 

traffic) experienced by the soil when the soil is subjected to pressure (during the traffic) from 

some pressure source, e.g., a tire, a wheel, etc. The sinkage due to the normal load of the 

pressure source is named static sinkage, and the sinkage due to the slip between the pressure 

source and the terrain is named slip sinkage.  

The sinkage of a tire (tire sinkage) is defined as the sinkage at the lowest point on the tire-

soil contact patch, and when the slip velocity at that lowest point is non-zero; the tire sinkage 

comprises static sinkage and slip sinkage. At the same point of soil, the sinkage is larger than 

the rut depth because of the elastic rebound of the soil upon unloading and the shear 

displacement of soil. The elastic rebound could be negligibly small if the soil shows more 

plastic behavior, such as for dry and sandy soil [14]. When the slip ratio increases past a 

certain level, the rut bottom becomes very wavy, as described in Section 4.5.2, and can no 

longer be considered flat as it has sometimes been illustrated by the simplified schematics in 

the literature [14], [13], [17]. 

Effective rolling radius, also referred to as effective tire radius [18], effective radius, or 

rolling radius [19] in other literature, is defined as the quotient of the longitudinal speed 

(forward speed) of wheel center divided by the angular speed of wheel revolution [20]. The 

definition of effective rolling radius works for the traction mode, towing mode, and braking 

mode of the tire. In this paper, rolling radius is the effective rolling radius of a tire on soil 

under the free-rolling condition i.e., zero driving and braking torque [14]. The rolling radius 

is a special case of effective rolling radius and shall not be confused with effective rolling 

radius[21]. The self-propelled condition, i.e., zero drawbar pull, is also named to be the free 

roll or free-rolling condition in some literature [22], [21], while in some other literature [14], 

[23], the free roll or free-rolling condition is defined the same as the towing condition, i.e., 

zero driving and braking torque. In this dissertation, the free-rolling condition differs from 

the self-propelled condition and equals the towing condition. 

The slip ratio defined in this paper is a function of the longitudinal velocity at the axle of 

the wheel Vx, the angular speed of the wheel ɤw, and the rolling radius r0  [14], as shown by 

Equation (2.1). Equation (2.1) indicates that the slip ratio is zero for a tire under free-rolling 
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condition on the test soil. Note that in Section 5.2.3 ï 5.2.4, the zero slip ratio is not defined 

under the free-rolling condition but is defined under the self-propelled condition on the test 

soil, i.e., zero drawbar pull, in agreement with one of the zero conditions defined in [22]. 
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When a tire is moving on soil in the traction mode, i.e., driving torque is larger than zero, 

there are two types of longitudinal forces developed in the tire-soil contact patch, gross 

tractive force and motion resistance, sometimes named rolling resistance [16]. The latter is 

the sum of external motion resistance and the internal motion resistance. The internal motion 

resistance is due to the energy dissipation in the hysteresis of tire material [14]. The external 

motion resistance comprises compaction resistance and bulldozing resistance. The gross 

tractive force is a longitudinal force converted from the axle torque [22]. The gross tractive 

force minus the internal motion resistance gives tractive force [24]. The tractive force, 

sometimes named tractive effort [14] or thrust force [25], can be determined by integrating 

the horizontal component of shear stress over the tire-soil contact patch [24]. Drawbar pull 

(DP), occasionally referred to as net traction, is defined as the gross tractive force minus the 

motion resistance force [26]. Drawbar pull coefficient (DPC), or tractive coefficient [27], is 

simply the ratio of the DP over the dynamic tire normal load (tire normal load). The dynamic 

tire normal load can vary from the static tire normal load due to a change in tire loaded radius 

and weight transfer effect.  

Soil compaction can be characterized by multiple parameters such as bulk density, void 

ratio, air permeability, etc. [28] The bulk density has been frequently used in previous 

research as the single parameter to quantify soil compaction. In this study, bulk density is 

also chosen to quantify soil compaction. Also, per Section 5.1, bulk density can be related to 

the CI and water content. For this reason, in this study, the CI and water content are also 

chosen to quantify soil compaction. 
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2.2 Experimental Tests in the Study of Tire-Soil Interaction  

The study of tire-soil interaction largely relies on experimental tests such as soil tests, 

tire-soil tests, and tire tests in a few cases as these tests can be conducted to assess tire off-

road performance, determine soil parameters and other parameters of interest, and validate 

or parameterize different models of interest. In the study of tire-soil interaction, soil tests are 

mostly related to the soil condition characterization. The tire-soil tests are most relevant to 

the study of tire off-road tractive performance which is the major topic of this dissertation 

and an important branch of the tire-soil interaction study. This section briefly introduces 

various types of soil tests and tire-soil tests and the parameters measured in them.  

2.2.1 Soil Condition Characterization and Soil Tests 

In the study of tire-soil interaction, the soil condition needs to be characterized, from 

perspectives of typical soil properties such as soil texture classification, soil water content, 

soil compaction, and soil shearing property, commonly by soil parameters such as soil texture 

(gradation or particle size distribution), cone index (CI), remolding index (RI), dry bulk 

density (bulk density), water content, soil friction angle, and soil cohesion. In the soil test 

and tire-soil test, proper soil parameters need to be evaluated for the test soil such that the 

soil condition is characterized sufficiently, and this will also facilitate research result 

comparison or help researchers who wants to repeat the same test.  

As for the soil texture, cone index, bulk density and water content, direct measurement 

can be made by performing soil tests specified by specific standards, e.g., ASTM or ISO 

standards for particle size distribution [29], [30], [31], [32]; ASAE standard for CI [33]; SAE 

standard about the remolding test for the measurement of CI and RI [34]; ASTM standard 

for bulk density [35]; and ASTM standards for water content [36], [37], [38].  

A penetration test must be done to determine the CI. In the penetration test, a static cone 

penetrometer directly measures the CI; yet, manually maintaining a constant penetration 

speed to form a static penetration can be challenging [39]. Alternatively, a dynamic cone 

penetrometer indirectly measures the CI by relating it to the penetration distance of the cone 
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[40].  

Soil friction angle and soil cohesion are related through the Mohr-Coulomb equation 

Equation (2.2), and multiple types of shear test can be run to determine these two parameters; 

the most common type of shear test is the triaxial compression test. Depending on the texture 

classification of the test soil and the kind of shearing being studied, a proper type of shear 

test needs to be chosen. For example, the vane shear test is only suitable for clays that are 

purely cohesive, i.e., friction angle is zero [41]. In studies of horizontal shearing, the vane 

shear test is not preferable, because the soil cohesion obtained is for vertical shearing and 

cannot be generally considered equal to the soil cohesion for the horizontal shearing [23]. As 

an alternative method to evaluate the soil friction angle and the soil cohesion, the penetration 

test with a dynamic cone penetrometer could be carried out based on empirical relationships 

established by Russian researchers [42]. Tests for the evaluation of soil friction angle and 

soil cohesion are also discussed in Section 2.3.2 

max tanct s f= +  2.2 

In the SAE standard about off-road vehicle mobility evaluation [34], a sufficient soil 

condition characterization requires evaluation of the aforementioned soil parameters plus 

parameters of the pressure-sinkage and shear stress-shear displacement relationship. The 

tests necessary for the evaluation of the parameters of the pressure-sinkage and shear stress-

shear displacement relationship are discussed in Section 2.3.2.  

2.2.2 Tire-Soil Tests and Parameters or Relationships of Interest  

A tire moving on soft soil could operate in towing mode (also referred to as pure rolling 

mode), traction mode (also referred to as driving mode), or braking mode [43], [23]. Dynamic 

tire-soil (DTS) tests were completed previously either in fields (field DTS tests) or in labs 

(lab DTS tests) to study the tire off-road performance in the towing mode [44], [45], in the 

traction mode [46], [47], [48], and in the braking mode [49]. The lab DTS tests are usually 

conducted in a soil bin that contains the test soil, while the field DTS tests are performed 

outdoor on natural terrains. In the lab DTS tests, the soil can be well prepared in the soil bin 
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to achieve the objective soil compaction level and soil moisture level. By contrast, in field 

DTS tests, there could be more uncontrollable uncertainties in preparing the test soil, and 

hence it could be more difficult than in DTS tests to repeat the objective soil condition. 

However, in lab DTS tests, the usually used soil bin imposes a space limit which renders the 

range of test tire longitudinal speed low, while, in field DTS tests, space limit is not generally 

deemed a restriction. The instrumentation of test facilities used in the laboratory and field 

tire-soil tests and the parameters that these test facilities can measure are summarized in 

Table 2.1 ï Table 2.4  

Table 2.1: Instrumentation of test facilities and parameters that can be measured for the laboratory dynamic 

tire-soil tests, part 1. 

Test Facilities Sensors Measured Parameters 

The dynamometer with a small soil bin and 

two large soil bins, Land Locomotion 

Laboratory [50] 

Sensing part of the 

Dynamometer 

Drawbar pull, input 

wheel/sprocket torque, 

slip and soil sinkage 

Terramechanics rig, Virginia Tech 
Kistler P650 Wheel Hub 

Sensor 

The 3 wheel forces and 

3 wheel moments, 

wheel angular speed and 

displacement 

UPM indoor tire traction testing facility, 

University Putra Malaysia [51] 

Strain gage typed load cells 
Drawbar pull and 

vertical wheel forces 

ONO SOKKI MP-981 encoder 
Wheel longitudinal 

speed 

ONO SOKKI MP-981 encoder Wheel revolution speed 

KYOWA DT 100A 

displacement transducer 
Tire sinkage 

Traction research vehicle (TRV), USDA-

ARS National Soil Dynamics Lab [52] 

Torque transducer Input wheel torque 

3 load cells Vertical wheel force 

Load cells Drawbar pull 

All-terrain vehicle (ATV) tire single wheel 

machine, USDA-ARS National Soil 

Dynamics Lab[52] 

Potentiometer 

Vertical position of the 

test machine outer 

frame 

6 load cells 
Longitudinal, vertical, 

and lateral tire forces 

Indoor traction measurement system, Kyoto 

University [53] 

Octagonal ring transducer Drawbar pull 

Linear potentiometer Tire sinkage 

Rotary encoder Wheel revolution angle 

Strain gauge Driving torque 

Rotary encoder 
Longitudinal wheel 

displacement 
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Table 2.2: Instrumentation of test facilities and parameters that can be measured for the laboratory dynamic 

tire-soil tests, part 2. 

Test Facilities Sensors Measured Parameters 

Tire traction testing facility, Junagadh 

Agricultural University [54] 

Ring transducer Drawbar pull 

Torque transducer Input wheel torque 

Electric platform balance 
Static vertical wheel 

force 

Indoor traction measurement system, Urmia 

University, Iran [55] 

Load cells 
Drawbar pull and vertical 

wheel force 

Optic tachometer Wheel longitudinal speed 

Encoder Wheel revolution speed 

Not specified Tire sinkage 

Indoor tire testing facility, IIT Kharagpur 

[56] 

Extended octagonal ring 

transducer 
Lateral wheel force 

Dynograph recorder Drawbar pull 

LVDT Tire deflection 

Single wheel tester, Agricultural Engineering 

Research Institute (AERI), Iran [57] 
Load cell Vertical wheel force 

Single tire and track loading apparatus, Off-

Road Dynamics Research Laboratory, 

Cranfield University [58] 

A fifth wheel and digital 

encoder 

Wheel/sprocket 

longitudinal speed 

Digital encoder mounted on the 

wheel 

Wheel/sprocket 

revolution speed 

Talcum powder line and 

drawstring transducer 
Soil displacement 

Table 2.3: Instrumentation of test facilities and parameters that can be measured for the field dynamic tire-

soil tests, part 1. 

Test Facilities Sensors Measured Parameters 

In-situ tire test rig, University of 

Tehran [59] 

4 S-beam load cells 

Lateral and longitudinal wheel 

force, input wheel torque, and 

self-aligning torque   

Opto-counter Wheel longitudinal speed 

Velocity transducer Wheel revolution speed 

NIAE Mk II single wheel tester [60] 

Strain gauged torque tube Input wheel torque 

Strain gauge Drawbar pull  

Tacho-generators 
Wheel longitudinal and 

revolution speed 

Single Wheel Testing Device, 

UDESC ï SC [61] 
Not mentioned  

Drawbar pull, wheel torque and 

wheel revolution speed  
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Single Wheel Traction Testing 

Machine, University of California, 

Davis (Upadhyaya et al., 1986) 

Forward speed sensor Wheel longitudinal speed 

Wheel RPM sensor Wheel revolution speed, 

Load cell for vertical and draft 

loads 

Drawbar pull, vertical wheel 

forces 

Torque transducers Wheel input torque 

Front depth gage 
Elevation of the undeformed 

surface,  

Axle height gage  Axle height 

Rear depth gage Elevation of deformed surface 

Table 2.4: Instrumentation of test facilities and parameters that can be measured for the field dynamic tire-

soil tests, part 2. 

Test Facilities Sensors Measured Parameters 

Single wheel tester, Hohenheim 

University [62] 
Piezoelectric force transducer Wheel forces and wheel torques 

Instrumented Vehicle for Off-road 

Dynamics Testing, Lublin Institute 

of Technology [63] 

Rotating wheel dynamometer 
Three wheel forces and three 

wheel moments 

Datron CORREVIT sensor Vehicle longitudinal speed 

Cold Regions Research and 

Engineering Laboratoryôs 

(CRRELôs) instrumented vehicle 

(CIV) [64] 

Triaxial load cell 
Vertical, lateral, and 

longitudinal wheel force 

Velocity sensors Wheel revolution speed 

Linear motion potentiometer Turning angles 

Motion pack sensor Vehicle accelerations 

Fifth wheel tachometer Vehicle longitudinal speed 

Portable Tire Test Trailer, Intelligent 

Transport Laboratory, Virginia Tech 

[65] 

Kistlerôs 6-axis force/torque 

transducer 

3 wheel forces and 3 wheel 

moments 

Large tire testing trailer, Vehicle 

Dynamics Group, University of 

Pretoria [66] 

Wheel force transducers 
Wheel force and wheel 

moments 

Single wheel tester, Off-Road 

Dynamics Research Laboratory, 

Cranfield University [58] 

Not mentioned Torque, slip, load, and speed 

From Table 2.1 to Table 2.4, itôs clear that most test facilities are capable of measuring 

wheel forces and wheel moments, and some of them are also capable of measuring the wheel 

input torque. The reason is that the data of these measurements can be used to calculate the 

drawbar pull, drawbar coefficient, or drawbar efficiency (tractive efficiency) which are the 

parameters commonly used to characterize the tire tractive performance in off-road 

conditions.  
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A few of the test facilities listed in Table 2.1, Table 2.2, Table 2.3, and Table 2.4 also can 

measure the soil deformation parameters (soil response parameters) such as tire sinkage or 

soil displacement. Apart from using the sensors listed in the tables above, other alternative 

methods to measure the soil response parameters have been developed in the past decade. 

Soil sinkage was measured in lab DTS tests by using Wireless Internal Tire Sensors (WITS), 

a string potentiometer, and an ultrasonic sensor. WITS was mainly composed of eight optical 

sensors and an accelerometer, and they were installed around the wheel circumference [48]. 

Image processing technique was utilized to measure soil sinkage in lab DTS tests [67] and 

rut depth in field DTS tests [15]. In both measurement methods developed by Naranjo et al. 

and Guthrie et al., two groups of sensors or cameras were placed respectively in front of and 

behind the moving tire such that the undisturbed soil and the rut formed after traffic were 

measured, and another group of sensors or cameras were mounted inside the body of tire to 

measure the tire loaded radius. 

Aside from tractive performance parameters and soil response parameters which are 

related to the geometry of the tire-soil interaction interface (tire-soil contact patch), the other 

parameters of interest in the dynamic tire-soil tests include the pressure distribution and 

stress in the tire-soil contact patch. Attaching miniature pressure transducers to the surface 

of tire tread and lug could measure the normal stress of the points in the tire-soil contact 

patch [68], and attaching three-axial force transducers in a similar way to the tire could 

measure the normal stress, the tangential stress and the lateral stress of the points in the tire-

soil contact patch [69], [70]. The three-directional contact stress data measured this way can 

approximate the three dimensional stress distribution in the tire-soil contact patch, i.e., the 

stress as a function of both the angular position and the lateral position of points in the 

contact patch, if an adequate number of transducers are mounted in the lateral direction so 

as to cover the entire tire-soil contact patch during the tire rotation.  

Pressure-sinkage relationship and shear stress-shear displacement relationship are also the 

concerns in the tire-soil interaction study, measurement methods for the parameters involved 

in these relationships are discussed in Section 2.3.2. 
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2.3 Tire Off-Road Traction Dynamics 

An important aspect of tire-soil interaction is the tire off-road traction dynamics, as it is 

closely related to the acceleration performance and fuel economy of off-road vehicle and the 

soil compaction of the terrain where the tire traverses. Drawbar pull (DP), drawbar pull 

coefficient (DPC), and drawbar efficiency (DE) are three commonly used parameters to 

characterize tire off-road tractive performance.  

2.3.1 Modeling Approaches 

The tire off-road traction modeling was attempted in previous literature mainly by 

empirical approaches [71], [46], semi-empirical approaches [13], [49], theoretical 

approaches [24], and numerical approaches [72], [73], [74], [75]. Itôs worth mentioning that 

the boundary between the first three aforementioned approaches is not uniquely and strictly 

defined; in some theoretical approach, a few empirical relationships could exist; some model, 

claimed to be semi-empirical by its developer, is defined to be empirical in this dissertation.  

2.3.1.1 Empirical Approach 

The empirical approach is purely based on the data collected from tire tests, soil tests, or 

tire-soil tests, and the data determines the mathematical form of models.  

Using the DP measurements from field dynamic tire-soil tests (DTS tests), Wismer and 

Luth modeled the DPC of a tire moving on the soft soil as an empirical function of wheel 

numeric and slip ratio, per Equation (2.3). This empirical model captured the soil condition 

by using the cone index (CI) as an independent variable of the wheel numeric Equation (2.4) 

[71].  

( )
1.2

0.75 1 exp( 0.3 ) 0.04n

n

DPC C s
C

å õ
= - - - +æ ö

ç ÷
  2.3 

 



18 

 

t
n

z

CI d b
C

F

Ö Ö
=   2.4 

Upadhyaya et al. conducted field DTS tests with the single wheel tester as described in 

[76], and the DP measurements from the tests were found to fit an empirical DPC model 

Equation (2.5) that didnôt take any soil parameter as an independent variable or model 

parameter [77]. Model parameterization results of the Upadhyaya et al. empirical DPC model 

showed that empirical model parameters varied between different soil conditions given the 

same tire under the same tire normal load [77], [46]. This demonstrates the influence of soil 

condition on the DPC while such influence cannot be reflected by the Upadhyaya et al. 

empirical DPC model [77]. 

( )1 21 exp( )DPC u u s= - -   2.5 

Later, the Upadhyaya et al. empirical DPC model was refined to account for the influence 

of cone index and gravimetric water content by setting the model parameters as functions of 

the cone index and gravimetric water content, Equations (2.6) ï (2.7), but the regression 

analysis to compute the coefficients for these soil parameters didnôt yield desirable results 

[78].  
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To obtain better regression results, the model parameters of the Upadhyaya et al. empirical 

DPC model were related to the model parameters of the empirical Janosi and Hanamoto shear 

stress-displacement model, Equations (2.8) ï (2.9) [79], from which improvements were 

made by relating the model parameters of the Upadhyaya et al. empirical DPC model also to 

the model parameters of the Reece pressure-sinkage model, Equations (2.10) ï (2.11) [80]. 
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Like the Upadhyaya et al. empirical DPC model, another empirical model that can be used 

to characterize the steady-state DP-slip relationship is the Magic Formula tire model 

(MFTM) [81]. Because of the MFTMôs empirical nature, the data about tire force vs. slip 

collected from dynamic tire tests is always required for the model parameterization. 

Optimization needs to be performed to the test data in order to evaluate the set of the model 

parameters for the MFTM that has the desirable fit to the test data. Several methods have 

been proposed to perform the optimization for the parameterization of the MFTM [82], [83], 

[84].  

Although the MFTM was originally proposed for tire on-road dynamics [81], [85], 

attempts have been made to extend the use of the MFTM to tire off-road dynamics [7], [8]. 

Pauwelussen and Laib parameterized the MFTM using the test data about DP vs. slip for two 

farm tires on sandy soil [7]. Besides, the model parameters of the MFTM were correlated 

with tire normal load, soil cohesion, and soil friction angle, as shown by Equatons (2.12) ï 

(2.14), by equating the semi-empirical tractive force model proposed in [86] and the MFTM 

[7].  

( )( )2 4

1 3tan 1z z zB C D c F F F
a aa f aÖ Ö = Ö Ö + Ö +  2.12 
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For cohesive soil, such as clay, the model parameters of the MFTM were established to 

be functions of a clay-tire numeric, Equations (2.15) ï (2.18), and the MFTM was used to 

compute the drawbar pull coefficient [8]. 
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2.3.1.2 Semi-empirical Approach 

The semi-empirical approach basically applies some of the empirical pressure-sinkage 

models and the empirical shear-displacement models, and combine these empirical models, 

soil mechanics models and tire mechanics models to compute the DPC, DP, or DE of a tire 

on soft soil. Basically, the horizontal component of the shear stress and the horizontal 
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component of the pressure (radial stress) are integrated over the tire-soil contact patch to 

calculate gross tractive force (assuming the internal motion resistance is negligible) and 

compaction resistance respectively. If the bulldozing force is neglected, DP can be obtained 

by subtract the compaction resistance from the gross tractive force.  

Shumlevich and Osetinsky developed a semi-empirical tire off-road traction model, 

performed field DTS tests, and validated the Shumlevich and Osetinsky traction model in 

both traction mode and braking mode by using the test data collected [49]. The core part of 

the Shumlevich and Osetinsky traction model was to model the tire-soil contact patch contour 

as a parabola, per Equation (2.19). The Janosi and Hanamoto shear stress-shear displacement 

model and Bekkerôs pressure-sinkage model were applied in the Shumlevich and Osetinsky 

traction model. 

2

1c rut cz d xz= -   2.19 

Senatore and Sandu proposed a semi-empirical steady state tire model that took the slip 

sinkage effect and multi-pass effect into account when computing the DP [13]; experimental 

tests remained to be performed to validate this semi-empirical model and to determine the 

model parameters of this semi-empirical model. The slip sinkage effect was considered by 

setting slip ratio as an independent variable for the sinkage exponent, per Equation (2.20). 

Equations (2.21) ï (2.22) account for the influence of multi-pass on soil shear parameters. 

The geometry of the tire-soil contact patch and the radial stress distribution in the tire-soil 

contact patch were portrayed by the Chan and Sandu model [17] and the Wong and Reece 

model [87] respectively.  

0 1n n n s= +   2.20 

 

0
2 3

1

1 1 exp( )n p

s
c c nb b

b

ë ûè ø-î î
= + - +ì üé ù
î îê úí ý

  2.21 

 



22 

 

0
2 3

1

1 1 exp( )sn s p

s
K K nb b

b

ë ûè ø-î î
= + - +ì üé ù

î îê úí ý
 2.22 

2.3.1.3 Theoretical Approach 

The theoretical approach adopts purely theoretical pressure-sinkage and shear stress-

displacement models.  

Take the theoretical performance analytical (TPA) model for example [24], the Load-

Sinkage Analytical (LSA) model [42] Equation (2.23), was used in an integral over contact 

patch to calculate compaction resistance, and the Pokrovskiôs analytical shear stress-

displacement model [24] Equation (2.24), was used in another integral to calculate tractive 

force.  
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The model parameters of Equation (2.23), D1, D2, Bi, ɤ, ɝ are related to the soil cohesion, 

soil friction angle, soil bulk density, hardpan depth, and Youngôs modulus [42], and the model 

parameters of Equation (2.24), G1, G2, G3, G4 can be related to the contact ground pressure, 

soil cohesion and soil friction angle [24]. Lyasko claimed that the model parameters of the 

TPA model are invariant soil parameters, and their values donôt depend on the shape and size 

of the plates used in pressure-sinkage tests and shear tests for the model parameterization 

[24]; this could be an advantage over some semi-empirical models based on the Bekker 

pressure-sinkage model (Bekker model), as the soil parameters of the Bekker model were 

found to vary with the plate shape and size [88], [89]. Lyasko also claimed the TPA model 

works for vehicles with tires; however, details about the geometry and stress-distribution of 

the tire-soil contact patch were not provided in [24]. 
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2.3.1.4 Numerical Approach 

In the numerical approach, such as the finite element method (FEM) and the discrete 

element method (DEM), the soil is discretized and treated as a set of continuum-based finite 

elements or as a group of circular, elliptical, spherical, or ellipsoidal elements; the tire can 

be modelled as a FEM tire model [75], [90] or a lumped-masses model [72], [73]. In the 

study of tire off-road traction, the DEM is applied mostly to model frictional soil, such as 

sand; the FEM has been applied to both frictional soil and cohesive soil [91].  

In the FEM to model the tire and soil behavior in tire-soil interaction, a soil constitutive 

model is needed to characterize the elastic behavior and hardening/softening plastic soil 

behavior in the stress-strain scope under various loading conditions. A lot of soil constitutive 

models have been proposed, and they are reviewed in [92], [91]; the most commonly used 

soil constitutive models in the study of the tire-soil interaction are the modified Drucker-

Prager model with a cap [93] and the modified Cam-Clay model [94]; Mohr-Coulomb model 

has also been utilized in the earlier studies [95], [96], [97], in some of which the visco-plastic 

stress-strain model was attempted [97]. These elastoplastic models are already implemented 

in ABAQUS with a user-friendly interface [98]; several researchers ran simulations of a tire 

running on the deformable soil in ABAQUS [99], [100], [101], [102]. 

It is worth noting that the soil constitutive models assume the soil to be modeled is a 

continuum, and even though the soil constitutive models have been implemented to predict 

the large soil deformation [74], [101], [103], they are still reported to have limitations in 

predicting the significant soil flow that can happen when the slip ratio of the tire on the soil 

is high [1]. Also, in most of the study of tire-soil interaction where the FEM was applied, the 

shear stress in the tire-soil contact interface is modeled by the Coulomb frictional law that 

doesnôt depend on the slip ratio; the inability to account for the influence of the slip ratio on 

the contact shear stress can result in the inaccuracy of drawbar pull and tire sinkage 

prediction. 

In the DEM, the main soil model is the contact model that applies the spring-damper 

mechanism, with the damping being either viscous damping or Coulomb damping, to 

compute the contact force/moment between two elements or between an element and a tire. 



24 

 

Ideally, the contact force can be tensile because any soil presents at least a slight cohesion 

effect [104]. However, it is found that the cohesion effect was ignored in some previous 

research as a part of simplification of DEM modelling. Simplification of DEM modelling 

also includes ignoring contact moments and setting zero damping, and how the simplification 

of DEM modelling is done depends on the type of soil to be modeled and the constraint of 

computing power. 

Both FEM and DEM are featured with a high computational cost and not ready to be 

incorporated into the multibody dynamics software for real-time simulation; to get over these 

shortcomings, Madsen et al. discretized a tire and soil and developed a numerical tire off-

road traction model which was used in multi-body dynamics environment and achieved near 

real-time off-road vehicle dynamics simulation [72], [73]. In the Madsen et al. model, 

theoretical soil mechanics models that respectively characterize the vertical load-sinkage 

relationship, horizontal load-vertical stress relationship, and bulldozing force-deformation 

relationship, together with the semi-empirical Janosi and Hanamoto shear stress-shear 

displacement model, were used to compute the tire drawbar pull and soil deformation [73]. 

2.3.2 Relationships of Interest, Model Parameters, and Model Parameterization 

Compared with soil physical property parameters and soil mechanics parameters, cone 

index-related soil parameters are more commonly selected as model inputs of empirical tire 

off-road traction models to characterize the soil condition [24]; the cone index-related soil 

parameters can be evaluated by using cone penetrometers.  

The pressure-sinkage relationship, the shear stress-shear displacement relationship, the 

pressure distribution (radial stress distribution) in the tire-soil contact patch, and the 

geometry of the tire-soil contact patch could be the four most important features to be 

considered in theoretically or semi-empirically modeling tire off-road traction. 

Multiple pressure-sinkage models and several shear stress-shear displacement models 

were developed in previous literature and were summarized in [10]; only some empirical and 

semi-empirical models of them, such as the Bekkerôs model Equation (2.25), the Reeceôs 
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model Equaton (2.26), and the Janosi and Hanamoto model Equation (2.27), with relatively 

simpler mathematical forms, were incorporated into the semi-empirical tire off-road traction 

models as described in [80], [49], [13], [14].  
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The pressure distribution in the tire-soil contact patch is affected by tire features, tire 

normal load, tire inflation pressure, soil conditions, and slip ratio [105], [14]. Few attempts 

were made to model the pressure distribution in the tire-soil contact patch; a uniform or 

parabolic pressure distribution was often assumed in modeling the off-road traction of 

agricultural tires. Schjßnning et al. proposed an empirical pressure-distribution model with 

the ratio of actual tire inflation pressure to the tire inflation pressure recommended by the 

tire manufacturer being a model input [106]; this model didnôt account for the influence of 

slip ratio on the location of the maximum pressure in the contact patch. In contrast, the radial 

stress distribution model, originally proposed for the wheel-soil interaction [87], considers 

the influence of slip ratio; this model was used occasionally with slight adaptation in the 

semi-empirical tire off-road traction model developed by [13].  
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Also in semi-empirically modeling tire off-road traction, the bulldozing effect may need 

to be considered in the calculation of the external motion resistance [14], possibly because 
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there could be bulldozing force in the curved portion of the tire-soil contact patch. The force 

associated with the bulldozing effect can be computed by using the Terzaghiôs bearing 

capacity equation Equation (2.29) [13].  
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Unlike the typical semi-empirical approach per Section 2.3.1.2, in the numerical approach 

to model tire off-road traction, the pressure-sinkage relationship is not directly modelled; 

instead, the soil stress-strain relationship (in the FEM) or the contact force-relative 

velocity/distance relationship between the elements or between the element and tire tread (in 

the DEM) are directly modeled.  

The parameterization of the aforementioned terramechanics models and soil models (the 

calibration of the model parameters) in Section 2.3 is essentially obtaining values of soil 

mechanics parameters, such as soil cohesion, soil friction angle, Poissonôs ratio, Youngôs 

modulus, etc.; and values of some other model parameters, some of which are empirical 

parameters. These model parameters, unlike soil physical properties parameters, cannot be 

directly measured. The evaluation of these model parameters relies on some tire-soil or soil 

tests and the measurement data of model outputs, model inputs, and other variables that can 

be related to these parameters from these tests.  

If these parameters are purely about the soil alone and not associated with the running 

gears or other tools that interact with the soil, e.g., soil cohesion, soil friction angle, Poissonôs 

ratio, Youngôs modulus, the traditional test methods of soil mechanics such as the triaxial 

compression test, the isotropic compression test, the direct shear test, etc., can be conducted 

to evaluate these parameters. The model parameterization for most soil constitutive models 

relies on the lab soil tests such as the tri-axial compression test and the one-dimensional 

compression test [91]. However, the soil sampled in the lab soil tests might not resemble the 

natural soil. Due to that, Field soil tests were performed to determine the soil parameters of 

the soil constitutive model [107]; in the field test, the soil is less disturbed from its natural 

status than in the lab soil test. To determine the micro-mechanical parameters of the contact 
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model in the DEM, an optimization program need to be run; in the optimization program, the 

micro-mechanical parameters are tuned so as to produce the DEM simulation result close to 

the soil mechanics test result [108], [109], [110] or the plate-sinkage test [104], [111]. As 

introduced earlier, the DEM simulation is computational expensive. To reduce the total time 

spent in running the optimization program, some assumption will be established, e.g., the 

contact stiffness in tangential direction was assumed to be the same as that in normal 

direction [104].  

If the model parameter to be evaluated is associated with the running gear or other tools 

that interact with the soil, such as the empirical model parameters of the pressure-sinkage 

models and of the shear stress-shear displacement models and the coefficient of friction 

between tire and soil, the plate-sinkage test, the shear test using shear plates, or the tire-soil 

test must be carried out. In the FEM, the well-known Coulomb friction model is widely used 

to compute the shear stress in the tire-soil contact patch; however in most cases, the 

coefficient of friction was assigned a value that didnôt have valid experiment basis [112], 

[113], [114]. 

 

Figure 2.2: Plate-sinkage test (source from Gotteland and Benoit, 2006 [115], Figure 1; reprinted with 

permission from Elsevier). 

For those tire off-road traction models that were proposed based on the pressure-sinkage 

model and shear stress-shear displacement model, the tire off-road traction model 

parameterization includes the parameterization of the pressure-sinkage model and shear 

stress-shear displacement model, some of which was done by using the data of variation in 

pressure with sinkage and the data of variation in shear stress with shear displacement from 

the plate-sinkage tests and shear tests respectively [116], [1], [17]. 
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(a) Bevameter and annular shear plates for the plate-shear test (source from Apfelbeck et al., 2011 [88], Figure 2 

and Figure 10; reprinted with permission from Elsevier).  

 
(b) Rectangular shear plate for the plate-shear test (source from Upadhyaya et al., 1993 [117], Figure 4; reprinted 

with permission from Elsevier). 

Figure 2.3: Plate-shear tests.  

However, in these plate-sinkage tests and shear tests, it was not a tire but a plate or a 

rectangular or annular shear plate being used as the tool to interact with soil; this way, the 

interaction of the tool with the soil in the tests cannot represent the realistic tire-soil 

interaction [118]. The tire-soil test can be a promising test method to parameterize the 

pressure-sinkage model and shear stress-shear displacement model used in tire off-road 

traction dynamics modeling, although it has not found its use in the previous publication like 

that. Nevertheless, field DTS tests found their use in the parameterization of some empirical 

tire off-road traction models that are independent of the pressure-sinkage model and the shear 

stress-shear displacement model [77]. Although Plackett pointed out that the plate-soil 

interaction could not represent the realistic tire-soil interaction [118], parameter values of 

the pressure-sinkage model and shear stress-shear displacement model, obtained by 

performing the plate-sinkage tests and shear tests using shear plates, were used in modeling 

tire off-road performance. 
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2.4 Effect of Tire Inflation Pressure 

Tire inflation pressure is an influencing factor for both of the tire off-road performance 

and soil compaction, and it has been investigated in DTS tests mostly for tractor tires.  

The combined influence of tire inflation pressure and tire normal load on rut depth, rut 

width, the cone index in the tire tracks, the length of the tire-soil contact patch, and the 

pressure of a few points on the lug was studied in field DTS tests for a Goodyear 16.9R38 

R-l agricultural tractor tire [68] and a Goodyear 18.4 R38 Dyna Torque Radial (2 star) R-l 

agricultural tractor tire [119], [120] on sandy loam and clay loam. The field DTS tests were 

run at a constant slip ratio. In the field DTS tests for the latter tractor tire, the influence of 

tire inflation pressure on net traction and tractive efficiency at a constant slip ratio was also 

investigated [120]. 

In lab DTS tests to study tire rolling resistance, it was found that an increase in tire 

inflation pressure led to a decrease in rolling resistance of a Goodyear 9.5L-14, 6 radial ply 

tire on clay loam, and such influence of tire inflation pressure became larger as tire normal 

load increased [45], while Elwaleed et al. observed that a decrease in inflation pressure of a 

Bridgestone 5-12, 4 ply, lug M tractor tire from its recommended value, 221 kPa, to 193 kPa, 

and to 166 kPa resulted in a decrease and next an increase in motion resistance on sandy clay 

loam [121]. 

The test results of the field DTS tests done in the past at multiple levels of slip ratio 

indicate that lowering tire inflation pressure could improve or hardly influence tire off-road 

traction, depending on the tire design and soil condition. The influence of longitudinal 

velocity and inflation pressure on traction coefficient and traction efficiency at various levels 

of slip ratio up to 100% was studied in field DTS tests for a 13.6-28 6PR bias-ply tractor tire 

on concrete field, the rotary cultivated field of sandy loam, and the paddy fields of sandy 

loam and loamy sand with stubble. From the test results it was concluded that a reduction in 

the tire inflation pressure improved tractive performance considerably on the paddy field 

with stubble but not significantly on the first two types of test field [27].  

Extensive field DTS tests had been conducted using the University of California, Davis 
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(UCD) single wheel traction tester. Wulfsohn et al. tested four tractor tires on a well-tilled 

Yolo loam soil at two levels of inflation pressure and three levels of tire normal load, and 

found that the change between two levels of tire inflation pressure didnôt affect the off-road 

tractive performance [122]. Bashford et al. tested 18.4R42 and 18.4R16 tractor tires on a 

wheat stubble surface and a plowed surface of Sharksburg silty loam at three levels of tire 

inflation pressure, and drew a conclusion that better off-road tractive performance was 

achieved on the wheat stubble surface for both tires with lower inflation pressure and on the 

plowed surface for only the 18.4R42 tire with lower inflation pressure [123]. 

Several tire models in the tire on-road or off-road dynamics take tire inflation pressure as 

a model input. In the tire on-road dynamics, TNO MF-TYRE 6.1 Magic Formula equations 

take the influence of tire inflation pressure into account; some of their model parameters are 

functions of the tire inflation pressure [124]. Hºpping et al. found that the TNO MF-TYRE 

6.1 Magic Formula equations can only achieve desirable accuracy for small variations in tire 

inflation pressure; to accurately model the dynamics of a tire with large variations in tire 

inflation pressure, second order polynomials were introduced to describe the tire normal load 

and inflation pressure dependencies of the Magic Formula model parameters [125]. Apart 

from the Magic Formula, another element of Short Wavelength Intermediate Frequency Tyre 

(SWIFT) model that accounts for the tire inflation pressure changes and models tire 

enveloping behavior is the tandem-cam model [126].  

In the tire off-road dynamics, some semi-empirical tire models account for the pressure-

sinkage relationship and the pressure distribution in the tire-soil contact patch; the latter is 

influenced by the tire inflation pressure [105]. Therefore, although these tire models donôt 

set the tire inflation pressure as a model input, they implicitly consider the tire inflation 

pressure changes; the compaction resistance model for pneumatic tires presented in [14] and 

the empirical DPC model in [79] are both examples. The Senatore and Sandu tire model and 

the Upadhyaya et al. semi-empirical DPC model both have the tire inflation pressure as a 

model input; the former needs the tire inflation pressure to determine the location of the 

maximum normal stress [13], and the latter has one model parameter written as a function of 

the tire inflation pressure [78].  
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It was found that in no existing literature, the Magic Formula tire model was extended for 

large inflation pressure changes and tire off-road traction by using the test data from dynamic 

tire-soil tests.  
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Chapter 3  
 

3 Experimental Setup  

This chapter includes materials from [11] by R. He, C. Sandu, and J. E. Osorio, with the 

permission from Elsevier, and the agreement attached. 

The tools and apparatus used in the test program (described in Chapter 4) include the 

Terramechanics Rig, the TekscanÈ pressure mapping system, a cone penetrometer, a water 

content sensor, a soil sampling kit, and other miscellaneous tools. This chapter elaborates on 

these tools and apparatus in terms of their specifications and their use in the tests and soil 

preparation.  

3.1 Tools and Apparatus 

The main test facility in the test program was the Terramechanics Rig (T-Rig) at the 

Terramechanics, Multibody, and Vehicle Systems (TMVS) Laboratory of Virginia Tech, as it 

can be seen from Figure 3.1. After being mounted onto the carriage of the T-Rig, the test tire 

can spin at a preset constant revolution speed, under the actuation of a motor (the wheel 

motor). A separate motor (the carriage motor) powers the translation of the carriage along 

the soil bin (or the longitudinal movement of the tire), via a belt drive system, at a constant 

longitudinal speed of 6 cm/s. Under this motion control setup, the slip control of the tire was 

achieved by varying the revolution speed of the wheel motor that powered the tire spin. Tire 

normal load was applied by a pair of air springs and dynamically controlled around a preset 

value by using a PID controller. The control signal was sent to an Enfield M1d proportional 

valve that regulated the mass flow of the air going into the air springs. A KISTLER P650 

force hub measured the three wheel forces and three wheel moments at a sampling frequency 

of 160 Hz. More details about the function and instrumentation of the T-Rig can be found in 

[127], [128]. 
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Figure 3.1: Terramechanics Rig before November 2017, at the TMVS Lab, Virginia Tech.  

Before November 2017, the test tire mounted on the Terramechanics rig could not move 

in towing mode; the motor torque always transmitted to the wheel/tire. Because of that, tire 

rolling radius, defined in the free rolling condition as the zero condition, could not be 

measured directly. Thatôs why estimation of the tire rolling radius was performed, as 

described in Section 4.4.1, to calculate slip ratios in the laboratory dynamic tire-soil tests 

conducted before November 2017. Since November 2017, a clutch, mounted between the 

wheel motor and the wheel shaft, had been incorporated into the Terramechanics Rig, 

enabling the separation of wheel torque from the wheel and hence the free-rolling of a tire.  

  

(a) Tire-wheel-shaft-clutch assembly. (b) zoom-in view of the clutch. 

Figure 3.2: Assembly of tire, wheel, shaft, and clutch of the Terramechanics Rig after November 2017. The 

clutch is disengaged; the teeth are separated.  
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A TekscanÈ pressure mapping system was utilized to measure and record the pressure 

distribution in the tire contact patch. The main component of this system was a TekscanÈ 

3150 pressure pad that consists of pressure sensors that are called sensel. The value of the 

maximum pressure this pressure pad can measure is 862 kPa. The pressure pad has 2288 

sensels totally, with its spatial resolution being 1.4 sensels per square centimeter [129]. 

Before use, the pressure pad underwent equilibration and calibration. The equilibration 

ensured all the sensel readings were almost the same when a uniform load was applied onto 

the pressure pad. After the equilibration was done, the calibration was carried out to 

guarantee the force reading of the pressure pad would be as close to the real value of the tire 

normal load as possible. During the static tire deflection test, the pressure pad was placed 

inside a protective case; otherwise, the pressure pad would be in contact with the tire; when 

the normal load was increased gradually to the preset value, the damage induced by shear 

would occur to the pressure pad as a consequence of the carcass deformation. 

In the test program, the test soil in the soil bin needed to be sampled, and the measurements 

of bulk density, gravimetric water content (GWC), volumetric water content (VWC), and CI 

needed to be taken for the test soil. A soil sampling kit was utilized to sample the soil from 

the soil bin. The soil sampling kit consisted of an aluminum soil core sampler, shown in 

Figure 3.3 with a 10.08 cm height and a 185.15 cm3 inner volume, two aluminum lids, a 

scoop, and a dead blow hammer. To start the soil sampling, the sampler was tapped into soil 

by the dead blow hammer such that the soil just completely surrounded the sampler. The 

scoop of the soil sampling kit was used to remove the soil around the sampler, the top and 

bottom of the sampler were lidded, and the sampler containing the soil was taken away at the 

end of sampling. 

Gravimetric water content was measured by following the steps prescribed in the ASTM 

standards [37]. Immediately after the soil was sampled, the soil mass was measured; with the 

volume of the sampler known, wet density was calculated. Next, the soil was dried to a 

constant mass; the final constant mass was measured. The difference in the soil mass, from 

the moment before drying the soil to the moment the soil was dried to a constant mass, was 

calculated. An AMIR digital scale of 500 grams load capacity, 0.01 grams resolution, and 

0.01 grams accuracy was used to measure mass. Drying the soil was performed in a 
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microwave oven with 600 W maximum power and vented chambers. With the wet density, 

the final constant mass, and the mass difference obtained, bulk density and gravimetric water 

content of the sample soil were calculated. 

  

(a) Sampler was immersed in the soil. (b) Soil around the sampler was removed by a scoop. 

  

(c) Sampler was sealed by lids. (d) Sampler was taken out of the test soil and weighed. 

Figure 3.3: Soil sampling kit and its use. 

Volumetric water content was measured by using the Campbell Scientific HS2P 

volumetric water content probe [130]. It comprises a pair of 12 cm dielectric water content 

sensor rods that can measure the average volumetric water content of the soil in contact with 

the 12 cm sensor rods. During the measurement of VWC, the sensor rods were vertically 

inserted into the soil. The measurement accuracy and the measurement resolution of this 
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VWC probe are 3% and 0.05%, respectively. 

Cone index was measured using a Humboldt HS-4210 Digital Static Cone Penetrometer 

[131]. During operation, the Digital Static Cone Penetrometer (DSCP) was pressed in a way 

such that the cone penetrated vertically and slowly into the soil. The penetration of the DSCP 

proceeded until 12 cm penetration depth was reached, and the DSCP measured the 

penetration resistance force and recorded the maximum penetration resistance force of the 

whole penetration process. The cone index was obtained by dividing the maximum 

penetration force by the cone base area [14]. The base area of the HS-4210 DSCP is 1.5 cm2, 

and the resolution of the penetration resistance force measurement is 4.45 N (1 lbf). 

Distance measurement were taken by using a set of rulers or a Bosch GLM 15 Compact 

Laser Measure. When using the laser measure between an object and the test soil, e.g., 

measuring the tire loaded radius in the static tire-soil tests, a piece of paper was placed on 

the soil for better laser reflection and hence a more accurate measurement, as shown in Figure 

3.4.  

 

Figure 3.4: Laser measure being used between the tire and soil.  

Record of the rut (the footprint on the soil) boundary resorted to a piece or pieces of 12ôô 

by 12ôô, 0.007ôô thick, super light plastic sheet. Marker pen drew the boundary of what was 

vertically projected onto the plastic sheet, as depicted in Figure 3.5. The set of rulers and 

plastic sheets that worked in or on the rut were deliberately chosen to be light and operated 

carefully to avoid as much as possible disturbing the soil, measures that aimed to keep the 
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rut intact.  

 

Figure 3.5: Use of two conjunct pieces of plastic sheet to record the rut boundary.   

3.2 Soil Preparation Method 

The soil preparation was completed in the soil bin from the soil surface to a depth of 

around 15 cm (15 cm is the maximum value of the soil depth for the soil of interest in this 

study, as it will be explained later in Section 4.5.1) in some tests of the test program; the flat 

soil track resulted from the soil preparation had a soil depth larger than 30 cm. The objective 

of the soil preparation is to achieve the soil condition of interest; a similar soil condition is 

expected to be realized after going through the same soil preparation steps.  

There were four main steps of the soil preparation method: shoveling, tilling, leveling, 

and compacting. During the first step, a shovel was used to render soil failure to the soil. 

Coming to the second step, an electric tiller was used to till the soil, with the purpose of 

eliminating the soil lumps and ensuring the loosest state of the soil. As for the third step, a 

leveler was dragged by the carriage moving from the rear end to the front end of the soil bin 

to create a flat soil track, as shown in the Figure 3.6c. In the fourth step, a roller was 

compacting the soil. The roller was dragged by the carriage from the front end of the rig to 

the rear end, and then back to the front end, thus finishing one trip of compacting. Also, the 

water content of the test soil in the soil bin of the T-rig could not be maintained at any level 

higher than the low level [127]; therefore, before the four main steps, the soil was left at its 
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driest condition, which is another important part of the soil preparation method, to ensure 

the water content in one test is re-achievable.  

In the tire-soil tests or soil tests, itôs challenging and yet important to sufficiently 

characterize the soil condition of the test soil, because the soil can be highly non-

homogeneous, and insufficient characterization of soil condition might result in difficulty or 

impossibility in comparing the test results with others. Itôs also challenging yet important to 

control the soil condition of the test soil given that the relevant technology is not mature 

enough to be cost-effective for lab use, and failure in controlling the soil condition might 

render test results skewed. 

 
(a) 

 
(b) 
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(c) 

 
(d) 

Figure 3.6: Soil after: (a) the shoveling; (b) the tilling; (c) the leveling; (d) the compacting of the soil 

preparation method. 

The soil preparation method adopted in this study facilitates controlling the test soil 

condition and, together with taking measurements of the soil parameters per Section 4.2.1, 

4.4.2, and 4.5.1, contributes to the sufficient characterization of the test soil condition.  
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Chapter 4  
 

4 Test Program  

This chapter includes materials from [11] by R. He, C. Sandu, and J. E. Osorio, with the 

permission from Elsevier, and the agreement attached. 

The indoor evaluation of tire performance on soil and on rigid surface, soil response, and 

soil condition was conducted with the experimental setup described in Chapter 3 at the 

TMVS laboratory of Virginia Tech. The tests involved in the test program, i.e., the laboratory 

soil properties tests, the static tire deflection tests, the static tire-soil tests, and the dynamic 

tire-soil tests, were performed from November 2016 to November 2017 and from June 2019 

to November 2019, and the details of these tests, including the relationships between the 

tests, test procedures, and test results, are presented in this chapter.  

4.1 Test Program Overview 

Different tests were completed in the test program of this study, and the connection 

between these tests is introduced in this section. The tests completed in the test program and 

their relationship are summarized in Figure 4.1. 

All the tests of the test program were carried out in lab. In the static tire-soil tests (STS 

test) and the dynamic tire-soil tests, the test soil was placed inside a soil bin and prepared 

following the steps described in Section 3.2, while in the laboratory soil properties tests, the 

test soil was not prepared. The test tire was tested on the flat surface of the steel U channels 

in the static deflection tests. The values of the rolling radius estimated in the laboratory static 

tire-soil tests of July 2017 were used to set nominal slip ratios in some of the laboratory 

dynamic tire-soil tests before the Terramechanics Rig had the capability of measuring the 

rolling radius directly (only since November 2017). 
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Figure 4.1: Relationship of the tests performed in the test program.  

The tire used throughout the test program was a 225/60R16 97S Uniroyal (Michelin) 

Standard Reference Test Tire (the SRTT). As for the tire parameters of the test tire, the tire 

width is 225 mm, the tire unloaded radius is 338.2 mm, the tread depth is 7 mm, and the 

unloaded section height is 135 mm.  

  

(a) SRTT used in all the tests of the test program. (b) Pirelli used in the static tire-soil tests for the rut 

reconstruction. 

Figure 4.2: Test tires in the test program.  

Another tire tested, only in the static tire-soil tests for the rut reconstruction, is a 235/55 
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R19 105V M+S Pirelli Scorpion Verde all season tire (the Pirelli). As the basic parameters 

of this tire, the tire width is 235 mm, the tire unloaded radius is 370.55 mm, the tread depth 

is 8.7 mm, and the unloaded section height is 129.25 mm. 

The soil tested in the test program was the same loamy sand as the one tested by Naranjo 

[127]. Its textural compositions and some of its physical properties are listed in Table 4.1. 

Table 4.1: Physical properties of the test soil. 

Soil type (USDA 

classification) 

Clay [g.g-1] 

< 0.002 mm 

Silt [g.g-1] 

0.002 ï 0.05 mm 

Sand [g.g-1] 

0.05 ï 2 mm 

Maximum bulk density 

[g/cm3]a 

Loamy sand 0 16% 84% 1.93 

a The maximum bulk density was obtained by the standard proctor test specified by ASTM [132] 

4.2 Laboratory Soil Properties Test 

In order to determine some of the soil properties of the test soil, the laboratory soil 

properties test (lab SP test) was performed. Although there are various soil properties and 

each of them can be characterized by several parameters, only an adequate number of soil 

parameters considered related to tire off-road tractive performance were chosen to be 

measured in the lab SP test. Bulk density reflects the soil compaction which influences the 

compaction resistance of a tire [14]. Water content, related to soil porosity, is reported to 

influence the shear stress-shear displacement relationship of soils and hence influence the 

tractive force of tire [1], [127]. Cone index is a soil mechanical property parameter that has 

been commonly used in experimental tire-soil or vehicle-soil studies and selected as a model 

input of some empirical models to assess off-road vehicle mobility [133]. Therefore, the soil 

parameters chosen to be measured in the lab SP test were bulk density, cone index, and 

gravimetric water content. In this section, the procedures and the results of the lab SP test 

are explained one after another.  

4.2.1 Procedures of Laboratory Soil Properties Test 

In the lab SP test, a spot of soil in the soil bin was chosen to be sampled, and measurements 
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of CI were taken at that spot by using the DSCP. The sampler was pushed gently and slowly 

into the soil by using the dead weight blow hammer included in the soil sampling kit. Next, 

four measurements of the CI were taken at locations very close to the merged sampler by 

using the DSCP (as described in Section 3.2) such that the CI of the soil inside the sampler 

could be approximated by the mean of the four CI measurements. Figure 4.3 illustrates the 

locations where the sampler was tapped inside the soil and the CI was measured at the chosen 

spot. Following the steps explained in Section 3.1, the sampler containing the soil was taken 

away, and the gravimetric water content and bulk density of the sampled soil were measured.  

The procedures of the lab SP test as described above were repeated until soil at a sufficiently 

wide range of soil compaction was tested. 

Location where the penetration resistance 

was measured 

Location where the soil sampler was 

pressed into the soil 
 

Figure 4.3: Schematic of the locations for the measurements of the CI and the merged sampler. 

4.2.2 Results of Laboratory Soil Properties Tests 

The measurements of the CI, the GWC, and bulk density from the lab SP tests are tabulated 

below. While the gravimetric water content of the test soil always remained to be very low, 

the CI of the test soil ranged widely from 326 kPa to 1631 kPa. The relative compaction 

varied from 89% to 97%. A general trend could be found that a large increase in the cone 

index, i.e., from a few hundred to over a thousand, results in an increase in relative 

compaction, which means the cone index value could reflect the soil compaction. The water 

content of the test soil in the soil bin of the T-rig could not be maintained at any level higher 
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than the low level [127]. To ensure the same level of soil water content in the static tire-soil 

tests and another same level of soil water content in the dynamic tire-soil tests (these two 

levels are close and low, as will be discussed in Section 4.5.1), the test soil was deliberately 

left at its driest condition, which accounts for the small values of the GWC in Table 4.2. 

Table 4.2: Some soil physical and mechanical properties of the test soil in various soil conditions 

Sample No. Cone index [kPa] 
Gravimetric water content 

[g/g] 

Dry bulk density 

[g/cm3] 

Relative compaction 

[g.cm-3.g-1.cm3]a 

1 518.959 0.519% 1.720 89.28% 

2 822.921 0.447% 1.735 90.03% 

3 326.203 0.604% 1.728 89.68% 

4 1631.015 0.964% 1.870 97.02% 

5 363.271 0.756% 1.771 91.90% 

6 1238.088 0.991% 1.817 94.31% 

7 1193.606 0.382% 1.846 95.80% 

8 748.784 0.443% 1.793 93.07% 

9 810.565 0.643% 1.756 91.11% 

10 733.957 0.622% 1.745 90.56% 

11 1289.984 0.404% 1.856 96.32% 
a The relative compaction is the ratio of the dry bulk density over the maximum bulk density (see Table 4.1). 

4.3 Static Tire Deflection Test 

In the static tire deflection tests, the tire inflation pressure varied, and at each value of the 

tire inflation pressure, the normal load applied to the tire was increased gradually to a 

specified value and maintained at that value, after which the test tire could be considered 

statically loaded. This section introduces the procedures of the static tire deflection test first. 

Next, the results of the static tire deflection tests are presented, with the analysis completed 

to the test results from two aspects, variation in loaded radius with tire inflation pressure and 

variation in contact patch with tire inflation pressure and normal load. 

4.3.1 Procedures of Static Tire Deflection Test 

As for the static tire deflection tests conducted in November of 2016, the test levels of tire 

inflation pressure and normal load are displayed in Table 4.3. To start each test, the test tire 

was either inflated or deflated to the preset tire inflation level. Next, the normal load was 
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applied gradually to 5 kN, the only normal load level shown in Table 4.3. Thereafter, the 

measurements of loaded radius and the pressure distribution in the contact patch were taken 

and recorded, followed by releasing the normal load applied to the tire, which marked the 

end of each test. The same procedures were repeated three times for each of the ten 

combinations of the normal load level and the inflation pressure level. 

Table 4.3: Design of experiment for the static tire deflection tests in November of 2016. 

Operational parameters Levels 

Normal load [kN] 5 

Tire inflation pressure [psi]/[kPa] 
15/103, 18/124, 21/145, 24/165, 27/186, 30/207, 33/228, 36/248, 39/269, 

42/290 

 

  

(a) In the tests of November 2016. (b) In the tests of August 2019. 

Figure 4.4: Pressure pad and rigid surface. 

The measurement of loaded radius was accomplished by using a Bosch GLM 15 Compact 

Laser Measure and a retractable ruler. For each of the three tests at the same combination of 

the normal load level and the inflation pressure level, those two devices were utilized to 

measure the distance between the wheel center and the surface of the protective case 

containing the pressure pad shown in Figure 4.4, and this distance was taken as the loaded 

radius. 

The measurement of the pressure distribution was completed and recorded by using the 
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TekscanÈ pressure mapping system in accordance with the steps per Section 3.1. The 

measurement data were presented in the format of pressure maps, as shown in Figure 4.5, 

and each pressure map displays the average of the results from around 60 framesô 

measurements which took about 1 ï 2 minutes. 

   
(a) 42 psi inflation pressure, 5 kN 

normal load. 

(b) 30 psi inflation pressure, 5 kN 

normal load. 

(c) 18 psi inflation pressure, 5 kN 

normal load. 

Figure 4.5: Pressure map samples from the static tire deflection tests in November of 2016. 

Later in 2019, with the TekscanÈ pressure mapping system refurbished (a new 3150 

pressure pad was purchased; software was upgraded), additional static tire deflection tests 

were completed to investigate the effect of normal load on the pressure distribution in the 

contact patch between a tire and rigid surface. The procedures of the tests were only different 

from that of the tests conducted in 2016 in three aspects: The normal load applied had three 

levels, 5 kN, 6 kN, and 7 kN, while the tire inflation pressure level was reduced to be six, 

ranging from 12 psi to 42 psi at an interval of 6 psi, as listed in Table 4.4; the loaded radius 

was not measured in each test; each of the combinations of the normal load level and inflation 

pressure level had two runs of tests instead of three. Tests at the 5 kN normal load and some 

inflation pressure levels, as listed in Table 4.3, was re-conducted in August 2019 because the 

pressure pad was a new one, although of the same model no., different from the one used in 

November 2016.  

Table 4.4: Design of experiment for the static tire deflection tests in August of 2019.  

Operational parameters Levels 

Normal load [kN] 5, 6, 7 

Tire inflation pressure [psi]/[kPa] 12/82, 18/124, 24/165, 30/207, 36/248, 42/290 
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4.3.2 Results of Static Tire Deflection Tests 

4.3.2.1 Loaded Radius (on Rigid Ground) 

The three readings of the loaded radius by the laser measure and by the retractable ruler, 

from the three tests at the same tire inflation pressure level, were averaged respectively and 

then tabulated in the 2nd and 3rd column of Table 4.5. With the values of the unloaded radius 

rf, the unloaded section height hf, and the tread depth dtr already known, the mean value of 

the 2nd and 3rd column were taken as the value of the loaded radius r and substituted into 

Equation (4.1) to calculate the percent radial deflection ɟp. 

f

p

f tr

r r

h d
r

-
=
-

 4.1 

Table 4.5: Measurements of loaded radius and their resultant values of percent radial deflection. The 

measured data is from static tire deflection tests in November of 2016. 

Tire inflation pressure [psi] Loaded radius [mm] Percent radial deflection 

Average retractable 

ruler reading 

Average Bosch laser 

measure reading 

15 296.0 295.2 33.29% 

18 299.8 299.7 30.04% 

21 303.7 303.5 27.04% 

24 307.0 307.0 24.38% 

27 310.0 310.2 21.97% 

30 312.2 312.3 20.27% 

33 315.0 314.3 18.39% 

36 316.2 315.8 17.34% 

39 317.3 316.8 16.50% 

42 319.0 319.0 15.00% 

It can be found from Table 4.5 that 18 psi, 30 psi, and 42 psi resulted in 30%, 20% and 

15% radial deflection respectively. These three values of tire inflation pressure were picked 

as the values of the tire inflation pressure to be tested in the lab STS test and the lab DTS 

test, as they led to relatively low, medium, and high radial deflection. Also, an observation 

can be made from Table 4.5: when the tire inflation pressure is larger than 27 psi, every time 

the inflation pressure is reduced by 3 psi, the percent radial deflection will increase by less 

than 2%. However, when the inflation pressure is lower than 27 psi, the tire deflection will 
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increase by a value larger than 2% and mostly around 3% every time the inflation pressure 

is reduced by 3 psi.  

4.3.2.2 Pressure Distribution in the Contact Patch (on Rigid Ground)  

The pressure maps in Figure 4.5 display some vertical black stripes that correspond to the 

grooves of the tire tread pattern where there was zero pressure and no tire-ground contact. 

Among these three pressure maps in Figure 4.5, as the inflation pressure decreases, the width 

of the contact patch remains unchanged while the length of the contact patch increases. 

Another observation worth mentioning is about the distribution of the cyan area that stands 

for the relatively high pressure. At 42 psi tire inflation pressure, the relatively high pressure 

area is primarily around the center of the contact patch. By contrast, at tire inflation pressure 

as low as 18 psi, the relatively high pressure area is distributed on the left and right rims of 

the contact patch. In addition, the acceptable repeatability of the sensel pressure 

measurement might be demonstrated by Figure 4.6 where the standard deviation of the three 

pressure readings from the three tests at the same tire inflation pressure is calculated and 

plotted for all the sensels in the contact patch. Most values of the standard deviation are 

smaller than 1.5 psi. Comparing 1.5 psi with the magnitude of the test tire inflation pressure 

15 ï 42 psi and assuming that the pressure distribution in the contact patch remained the 

same for all 3 runs, the repeatability of the pressure measurement could be found acceptable 

for most sensels of the pressure pad. 

   
(a) 42 psi inflation pressure, 5 kN 

normal load 

(b) 39 psi inflation pressure, 5 kN 

normal load 

(c) 36 psi inflation pressure, 5 kN 

normal load 
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(d) 33 psi inflation pressure, 5 kN 

normal load 

(e) 30 psi inflation pressure, 5 kN 

normal load 

(f) 27 psi inflation pressure, 5 kN 

normal load 

   
(g) 24 psi inflation pressure, 5 kN 

normal load 

(h) 21 psi inflation pressure, 5 kN 

normal load 

(i) 18 psi inflation pressure, 5 kN 

normal load 

 

  

(j) 15 psi inflation pressure, 5 kN 

normal load 
  

Figure 4.6: Standard deviation of sensel pressure readings for all three static tire deflection tests in November 

of 2016 with  the same test configuration as per Table 4.3. 

TekscanÈ pressure mapping system recorded the area of contact patch for each pressure 

map. In Figure 4.5, the area of contact patch is displayed. Three pressure maps, respectively 

from the three tests done in November of 2016 at each tire inflation pressure level, have three 

contact patch area values. The average of these values was calculated and plotted against its 

corresponding tire inflation pressure level at each of the ten test tire inflation pressure levels, 

as shown by Figure 4.7. Also, the average sensel pressure reading for one pressure map can 

be calculated by taking the average of all the sensel pressure readings larger than 3 psi (the 

noise threshold of the TekscanÈ 3150 pressure pad) [134] in the contact patch. The average 

sensel pressure reading is plotted against the tire inflation pressure in Figure 4.8. Figure 4.7 

indicates that among the test tire inflation pressure levels, the contact patch area decreases 
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almost linearly with an increase in the tire inflation pressure. The variation in the average 

pressure in the contact patch with tire inflation pressure correlates with the findings of 

Schwanghart [135] in terms of two aspects. First, the average pressure in the contact patch 

increases linearly with tire inflation pressure. Second, below a certain point, which is (35 psi, 

35 psi) in Figure 4.8, the average pressure in the contact patch is larger than the tire inflation 

pressure, while above that point, the average pressure in the contact patch is smaller than the 

tire inflation pressure. 

 

Figure 4.7: Variation s of the average measured contact patch area with tire inflation pressure from the tests 

done in November of 2016. 
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Figure 4.8: Variation s of the average sensel pressure in the contact patch with tire inflation pressure from the 

tests done in November of 2016. 

Average sensel pressure reading was obtained for the tests in August of 2019 the same 

way as that for the tests in November of 2016. Also, average ground pressure was calculated 

as the ratio of the normal load over the contact patch area. It can be seen from Figure 4.9 that 

the average sensel pressure reading is nearly the same in value as the average ground 

pressure.  

  

(a) Mean value of all the pressure readings of sensel in 

the contact patch. 

(b) Average ground pressure, obtained by dividing the 

normal load by the contact patch area. 

 Figure 4.9: Variation of the average sense pressure readings and average ground pressure with tire 

inf lation pressure and normal load from the tests done in August of 2019.  

Comparing Figure 4.9a and Figure 4.8, at 5 kN normal load and at the same inflation 

pressure, the average sensel reading of the former is within 2 psi different from that of the 

latter. Such difference is considered acceptable and possibly due to: as previously mentioned, 

the pressure pad in the tests of 2019 was a brand new one while the pressure in the tests of 

2016 was an old one, some sensels of which were blunt in response; also, in the tests of 2019, 

when the tire was loaded on the ground, the camber was not as perfectly zero as that in the 

test of 2016.  

Itôs clear from Figure 4.9 that the trend of average sensel pressure reading or average 

ground pressure w.r.t the inflation pressure remains the same as Figure 4.8. Besides, the 

increase in average sensel pressure reading or average ground pressure with an increase in 
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the normal load level, i.e., 1 kN, is far smaller than the increase with an increase in the 

inflation pressure level, i.e., 6 psi. This might indicate that the tire inflation pressure is more 

influential than the tire normal load to the average ground pressure.  

4.4 Laboratory Static Tire-Soil Test 

The static tire-soil tests is divided into two phases: July of 2017 and October of 2019. The 

aim of the static tire-soil tests in July of 2017 was to estimate the rolling radius of the free-

rolling test tire on the test soil at the longitudinal speed of 6 cm/s (the test rig carriage 

longitudinal speed). The static tire-soil tests in July of 2017 assumed that the loaded radius 

of a free-rolling tire moving forward at 6 cm/s on soil is the same as the loaded radius of the 

same non-rolling tire on the same soil in the same physical condition when the free-rolling 

tire and the non-rolling tire are at the same normal load and tire inflation pressure. Wong 

pointed out that the vertical tire stiffness decreases with an increase in the longitudinal speed 

of the tire [14]. However, in the lab DTS tests, 6 cm/s or equivalently 0.216 km/s is a very 

small value for the longitudinal speed. Therefore, the assumption here for the static tire-soil 

tests in July of 2017 could be reasonable. 

The static tire-soil tests in October of 2019 had two aims. The first aim was to investigate 

the effect of normal load, inflation pressure, and initial soil condition on the loaded tire radius 

and rut size parameters. The second aim was to reconstruct 3-D profile of the ruts (footprint) 

formed by the tire rutting.  

In this section, the loaded radius vs. the rolling radius relationship is explained first, then 

the test procedures of the static tire-soil tests are described, followed by the analysis of the 

results from the tests. 

4.4.1 Loaded Radius and Rolling Radius 

With the loaded radius and the unloaded radius of a tire known, the rolling radius of a tire 

on a rigid flat surface could be evaluated as [18]: 
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 4.2 

Even though the derivation of Equation (4.2) is based on the geometry of the contact patch 

and the kinematics of a tire when the tire is free rolling on a rigid flat surface, it is found by 

the author that Equation (4.2) could also work for a free-rolling tire on deformable soil. The 

derivation of Equation (4.2) for a free-rolling tire on deformable soil is almost identical to 

the derivation for a tire on a rigid flat surface [18].  

For a tire running on the deformable soil, the profile of the tire-soil interaction can be 

depicted as shown in Figure 4.10 [14]. 

 

Figure 4.10: Schematic of the tire-soil interaction profile in the towing mode. 

When the tire is moving in the free-rolling condition (zero driving or braking torque) on 

the deformable soil [22], and the wheel center travels by the distance of the contact patch 

length 2a, at the same time, the rotational angle of the wheel will be 2ɗA, hence bringing up 

the following two equations: 
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Hence 

0

A

a
r
q
=  4.5 

It is worth mentioning at the case depicted by Figure 4.10 is not restricted to the free 

rolling of a tire on soil, yet Equations (4.3) ï (4.4) both hold for the free-rolling tire on soil. 

If the tire is not free-rolling on soil, Equation (4.4) will not be valid anymore.  

The geometry of the Figure 4.10 indicates: 

( )cosf Ar r q=  4.6 

 

( )sinf Aa r q=  4.7 

Combining Equations (4.5) ï (4.7) together, the rolling radius can be expressed as a 

function of loaded radius and unloaded radius just like Equation (4.2).  

Therefore, substituting the value of the loaded radius measured from the lab STS test of 

July 2017 into Equation (4.2) and assuming the loaded radius of a free-rolling tire on soil 

can be approximated by the loaded radius of that tire, non-rolling on the same soil, under the 

same normal load and at the same tire inflation pressure, the rolling radius of the test tire on 

the same soil at the longitudinal speed of 6 cm/s can be calculated. 

4.4.2 Procedures of Laboratory Static Tire-Soil Test 

Before the static tire-soil test, soil preparation was completed following the steps 

described in Section 3.2. To obtain the soil compaction level specified in the design of 

experiment for the laboratory static tire-soil test, zero trips of compacting (low soil 

compaction level), two trips (medium soil compaction level), and eight trips (high soil 

compaction level) were done. 

Right before each static tire-soil test, the VWC and CI of the test soil, close to the location 
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where the contact patch would be formed, were measured three times following the steps as 

described in Section 3.1 before applying the normal load to the tire. The sequence of taking 

those measurements was the CI first, then the VWC because inserting the sensor rods of the 

HS2P into the soil to measure the VWC might change the mechanical property of the soil, 

and measuring the CI required an intact soil after the soil preparation. Figure 4.11 illustrates 

the location relative to the contact patch where the CI and VWC were measured. These 

measurements were not taken at the location of the prospective contact patch because the 

measurements required penetrations of the measurement device to the soil which would 

change the soil mechanical property of the prepared soil. 

Location where the DSCP was pressed 

Location where the moisture sensor rods 

were pressed 

Location where the tire and soil would be 

in contact 

Longitudinal 

Direction

Lateral Direction 

 

Figure 4.11: Schematic of the location for the measurements of CI and VWC. 

The design of experiment (DOE) for the static tire-soil tests in July of 2017 is summarized 

in Table 4.6. The measurements of the CI and VWC were averaged for each soil compaction 

level and listed in Table 4.6. Also, as shown in Table 4.6, three tire inflation pressure levels 

and one normal load level were chosen to be tested in the static tire-soil test, as they resulted 

in 15%, 20%, and 30% of the percent radial deflection in the static tire deflection test. The 

average values of CI for the tests at low, medium, and high soil compaction level (zero, two, 

and eight trips of compacting) were 274.58 kPa, 694.69 kPa and 896.23 kPa as shown in 

Table 4.6. 
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Table 4.6: Design of experiment for the laboratory static tire-soil tests in July of 2017. 

Operational parameters 
Number 

of levels 
Levels 

Normal load [kN] 1 5 

Tire inflation pressure [psi]/[kPa] 3 18/124, 30/207, 42/290 

Soil compaction (CI [kPa], VWC [cm3/cm3]) 3 (274.58, 1.47%), (694.69, 1.85%), (896.23, 1.88%) 

In each static tire-soil test with one test configuration as per Table 4.6, i.e., one level of 

the normal load, one level of the tire inflation pressure, and one level of the soil compaction, 

the normal load applied to the tire was slowly increased to 5 kN first, after which the 

measurement of the distance between the wheel center and the surface of the undisturbed soil 

was taken by using a Bosch GLM 15 Compact Laser Measure. Next, the normal load was 

released and the tire was lifted up and moved to the next test location along the soil track. 

Finally, the rut depth was measured by using the ruler as shown in Figure 4.12, marking the 

end of the test. Assuming that the elastic rebound of the test soil (sandy and dry soil, as 

illustrated by Table 4.6 and Table 4.1) after unloading and lifting the tire is negligibly small, 

as explained in Section 2.1, the values of the rut depth and the distance between the wheel 

center and the surface of the undisturbed soil were summed up to evaluate the loaded radius 

of the static tire on the soil, as illustrated by Figure 2.1a. The same procedures as described 

above were repeated for another two tests with the same test configuration, hence totally 27 

tests were performed for all the test configurations of the DOE as per Table 4.6. The average 

of the three values of the loaded radius that were collected from the three tests at one test 

configuration was substituted into Equation (4.2), and the rolling radius was obtained at the 

soil compaction, tire inflation pressure, and normal load specified by that test configuration. 

  

(a) Side view of the ruler. (b) Front view of the ruler. 
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Figure 4.12: Measurement of the depth of the rut formed by the compaction brought by the statically loaded 

tire. 

The design of experiment for the static tire-soil tests in October of 2019 is shown in Table 

4.7. Since the loaded radius was measured at 5 kN normal load and 18, 30, and 42 psi inflation 

pressure in the static tire-soil tests in July of 2017, as for the loaded radius measurement 

tests, 5 kN normal load was excluded, and only 6 and 7 kN normal load were included. Except 

for the normal load levels, the tire inflation pressure levels an initial soil compaction levels 

remained the same as that of the tests in 2017. The rut reconstruction tests had the same 

normal load, tire inflation pressure, and initial soil compaction levels as that of the tests in 

2017; the only difference lied in the test tire. Apart from the same SRTT, a Pirelli tire, as 

described in Section 4.1, was also tested.  

Table 4.7: Design of experiment for the laboratory static tire -soil tests in October of 2019. 

Objective Test tire Operational parameters Number of levels Levels 

Loaded radius 

measurement 
SRTT 

Normal load [kN] 2 6, 7 

Tire inflation pressure 

[psi]/[kPa] 
3 18/124, 30/207, 42/290 

Soil compaction (CI [kPa], 

VWC [cm3/cm3]) 
3 

(224.06, 0.77%), (611.22, 0.96%), 

(888.00 1.09%) 

Rut 

reconstruction  

SRTT, 

Pirelli 

Normal load [kN] 1 5 

Tire inflation pressure 

[psi]/[kPa] 
3 18/124, 30/207, 42/290 

Soil compaction (CI [kPa], 

VWC [cm3/cm3]) 
3 

(217.88, 0.88%), (583.21, 0.99%), 

(907.77, 1.11%) 

It is worth mentioning that by ñsame initial soil compaction levelò, it means that the any 

two values of CI and VWC are at the same magnitude level respectively after the same steps 

of soil preparation either for low, medium, or high soil compaction level. For example, in 

Table 4.7, the values of CI and VWC at the low soil compaction level in the rut reconstruction 

tests are 217.88 kPa and 0.77%, very close to the 224.06 kPa and 0.88% at the low soil 

compaction level in the loaded radius measurement tests, or at the same magnitude level with 

the 274.58 kPa and 1.47% as listed in Table 4.6. Therefore, the initial soil compaction levels 

represented by these values of CI and VWC can be said to be the same. 

Each static tire-soil tests in October of 2019 had almost the same procedures as that of the 

static tire-soil tests in July 2017, except that, in the tests for the measurement of load radius, 

the normal load to be reached was different, and rut length was also measured; and that 
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measurements of longitudinal coordinate, lateral coordinate, and rut depth were taken for 

several points on the rut surface or along the boundary of the rut in the tests for the rut 

reconstruction. One test was conducted for each of the test configurations as per Table 4.7. 

Therefore, totally 36 tests (runs of tests) were completed. The measured loaded radius was 

not substituted into Equation (4.2) to estimate the rolling radius because, in 2019, the clutch 

of the Terramechanics Rig was capable of being disengaged, allowing the free rolling of a 

tire and hence the measurement of rolling radius for a tire in towing mode (see Section 

4.5.2.4). 

  

(a) Rut after the coordinates measurements were taken.  (b) Points on the rut profile of which coordinates were 

measured.  

Figure 4.13: Measurements of longitudinal coordinates, lateral coordinates, and rut depth (vertical 

coordinates) for several points on the rut profile. Blue points are along the boundary of the rut (drawn on a 

plastic sheet); yellow points are on the surface of the rut.  

The measurements of longitudinal coordinate, lateral coordinate, and rut depth (vertical 

coordinate) were completed by using a set of rulers. Before the coordinate measurements 

were taken for the points on the rut surface (the yellow points in Figure 4.13), the rut 

boundary was drawn on the plastic sheet in the way as described in Section 3.1. Three or 

four columns of points were chosen on the rut surface for the coordinate measurements; each 

column consisted of five points with the same lateral coordinates. Rut depth was measured 

for these columns of points the same way as depicted in Figure 4.12. Note that these columns 

of points were never chosen on the protrusion of the rut surface; the protrusion was formed 

in the tread pattern, as seen in Figure 4.13. Because of that, the tread pattern was not 
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considered in the rut reconstruction.  

Drawing the rut boundary and measuring coordinates of points on the rut surface were 

performed in a way such that the rut was kept as intact as possible, shown in Figure 4.13a. 

The points along the drawn rut boundary on the plastic sheet, fourteen or sixteen of them, 

had zero rut depth. Only longitudinal and lateral coordinates were measured for these 

boundary points. The data points of longitudinal coordinate, lateral coordinate, and vertical 

coordinate for the aforementioned points on the rut profile were fed into a program, based 

on the spline interpolation, to reconstruct the 3-D rut profile.  

4.4.3 Results of Laboratory Static Tire-Soil Tests 

4.4.3.1 Loaded Radius and Rut Depth  

The three measurements of the rut depth and loaded radius for each test configuration of 

the static tire-soil test in July 2017 were averaged and listed in Table 4.8. To facilitate the 

comparison between the results from the static tire-soil tests in July 2017 and that from the 

static tire deflection tests (on the rigid flat surface) in November 2016, the average 

measurements of loaded radius and their resultant rolling radius and percent radial deflection 

for both types of the tests are presented together in Table 4.8. The rolling radius of the tire 

on the rigid flat surface was also obtained using Equation (4.2), as Equation (4.2) was 

originally proposed for a tire on rigid flat surface [18]. 

Table 4.8: Measured loaded radius, measured rut depth and their resultant values of rolling radius and 

percent radial deflection. The measured data is from the static tire-soil tests in July of 2017. 

Tire inflation 

pressure [psi] 

Soil 

compaction 

Average 

measured 

rut depth [mm] 

Average measured 

loaded radius 

[mm] 

Percent radial 

deflection [%] 

Rolling radius 

[mm] 

18 Low 28.67 310.83 21.38% 329.03 

30 Low 30.33 322.83 12.01% 333.06 

42 Low 28.33 328.67 7.45% 335.02 

18 Medium 12.00 307.33 24.11% 327.85 

30 Medium 13.67 320.67 13.70% 332.34 

42 Medium 15.33 325.67 9.79% 334.01 

18 High 8.00 305.50 25.55% 327.23 

30 High 9.33 318.67 15.26% 331.66 
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42 High 9.67 324.17 10.96% 333.51 

18 Rigid N/A 299.75 30.04% 325.28 

30 Rigid N/A 312.25 20.27% 329.51 

42 Rigid N/A 319.00 15.00% 331.78 

At the same inflation pressure and normal load, the deformable soil can make a difference 

in the tire loaded radius compared with the rigid surface. The resultant difference in percent 

radial deflection between the soil and the rigid surface can be as high as 8.66%, and is always 

larger than 4.04% for all the test levels of the inflation pressure and normal load, as displayed 

by Figure 4.14. From the perspective of the rolling radius, such difference in the loaded 

radius between the rigid surface and the soil can result in a difference in the rolling radius 

that ranges from 1.70 mm to 3.70 mm, which can be observed from Figure 4.15.  

Soil compaction might be as influential to the rolling radius as tire inflation pressure 

because the difference in rolling radius, brought by the tire inflation pressure change, could 

be around 2.00 mm, still smaller than the 3.70 mm rolling radius difference brought by the 

soil compaction change. Also, it can be found from Table 4.8 and Figure 4.15 that these 

differences in the loaded radius and in the rolling radius between the rigid surface and the 

test soil tend to be more obvious as the tire inflation pressure decreases. 

 

Figure 4.14: Variations of the percent radial deflection with the soil compaction level. The measured data is 

from the static tire-soil tests in July of 2017. 
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Figure 4.15: Variations of rolling radius w ith the soil compaction level. The measured data is from the static 

tire-soil tests in July of 2017. 

The trend of the variations in loaded radius and in rolling radius with the soil compaction 

level can be summarized by analyzing the broken lines shown in Figure 4.14 and Figure 4.15. 

When the soil compaction increases, for all the test soil inflation pressure levels, the percent 

radial deflection increases, while the rolling radius decreases correspondingly. From Table 

4.8 it can be found that the loaded radius at the low soil compaction level and the highest tire 

inflation pressure level 42 psi is the largest and the closest to the unloaded radius of the tire. 

This makes sense, as the tire tends to behave more like a rigid wheel on the soil when the 

tire inflation pressure increases and the soil compaction decreases. Table 4.8 also shows that, 

for the levels of initial soil compaction, inflation pressure, and normal load, the loaded radius 

measured in the STS tests of July 2017 was always smaller than the tire unloaded radius. 

Therefore, it could be reasonable to assume that the test tire, at the 5 kN normal load and at 

the tire inflation pressure smaller than or equal to 42 psi, is in the elastic mode of operation 

when running on the test soil at 6 cm/s (the test rig carriage longitudinal speed). 

As for the variations in rut depth, the soil compaction plays the main role. Figure 4.16 

shows the changes in rut depth among different combinations of the tire inflation pressure 

level and the soil compaction level. Itôs clear from Figure 4.16 that the lower the soil 

compaction level is, the higher the rut depth is. At the same tire inflation pressure level, 

changing the soil compaction level produces a change in rut depth of at least 4 mm, while at 

the same soil compaction level, changing the tire inflation pressure level results in at most a 

3.33 mm change in the rut depth. Hence, it could be concluded that the rut depth varies less 
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with the change in the tire inflation pressure level than with the change in the soil compaction 

level. 

 

Figure 4.16: Variations of rut depth with tire inflation pressure. The measured data is from the static tire-soil 

tests in July of 2017. 

From the static tire-soil tests in October 2019, loaded radius and rut depth were measured 

at the 6 and 7 kN normal load; the 18, 30, and 42 psi inflation pressure; and the low, medium, 

and high initial soil compaction, in addition to the measured loaded radius and rut depth from 

the tests in July 2017 at the 5 kN normal load and the same levels of inflation pressure and 

initial soil compaction. These measured data points of loaded radius for all three levels of 

normal load, inflation pressure, and initial soil compaction were put in one plot in Figure 

4.17, so were the measured data points of rut depth in Figure 4.18.  

As clearly illustrated by Figure 4.17, except for a few isolated points, the loaded radius 

decreases with an increase in normal load or initial soil compaction and increases with 

inflation pressure. Taking the top blue line in Figure 4.17b for example, if the 5 kN normal 

load rises to 6 kN normal load while the initial soil compaction remains the same, that top 

blue line moves lower than it does if the initial soil compaction rises to medium while the 

normal load remains the same. Similar trend happens to the top yellow line in Figure 4.17a 

when comparing the amount of descending between a decrease in inflation pressure at the 

same initial soil compaction and an increase in initial soil compaction at the same inflation 

pressure. Therefore, it could be concluded that the normal load and inflation pressure could 

be the primary influence on loaded radius, while the initial soil compaction could be the 
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secondary influence.  

  

(a) Variation in loaded radius with normal load. (b) Variation in loaded radius with inflation pressure. 

Figure 4.17: Measurement data of loaded radius at 5, 6, and 7 kN normal load; 18, 40, and 42 psi inflation 

pressure; and low, medium, and high initial compaction. The data is from the static tire-soil tests in July of 

2017 and in October of 2019. 

Figure 4.18b clearly illustrates that, except for a single point, the rut depth increases with 

an increase in inflation pressure and a decrease in initial soil compaction. Figure 4.18a shows 

that, except for two points, the rut depth increases also with an increase in normal load. These 

exception points, all at the low initial soil compaction, are off the trend due to the soil at the 

low initial soil compaction was much more inhomogeneous. Analysis can be done to the top 

broken lines in Figure 4.18a and Figure 4.18b, similar to the analysis done to the top broken 

lines in Figure 4.17a and Figure 4.17b, as described in the previous paragraph. However, this 

time, the primary influence on the rut depth, found out of the analysis, could be the initial 

soil compaction, while both the normal load and inflation pressure could be the secondary 

influence.  

Comparing the normal load and inflation pressure, the rut depth seems to be more sensitive 

to the latter than the former, given that the slope of the most broken lines in Figure 4.18b are 

slightly larger than that in Figure 4.18a. A physical explanation could be that the average 

ground pressure is more sensitive to inflation pressure than to normal load, similar to the 

trend represented by Figure 4.9; therefore, according to the Bekkerôs semi-empirical rut 

depth prediction model [14], rut depth is more sensitive to inflation pressure as the inflation 
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pressure influences the average ground pressure more than the normal load does.  

  
(a) Variation in rut depth with normal load. (b) Variation in rut depth with inflation pressure. 

Figure 4.18. Measurement data of rut depth at 5, 6, and 7 kN normal load; 18, 40, and 42 psi inflation 

pressure; and low, medium, and high initial compaction. The data is from the static tire-soil tests in July of 

2017 and in October of 2019. 

Rut length was also measured in the static tire-soil tests in October 2019; the measured 

data points are shown in Figure 4.19. Itôs clear from Figure 4.19 that the rut length decreases 

with an increase in inflation pressure or initial soil compaction and increases with normal 

load. The trend of rut length w.r.t. inflation pressure and normal load for the tire on soil is 

similar to that for the tire on hard surface; both trends result from the increase in contact 

patch area with an increase in normal load or a decrease in inflation pressure.  
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Figure 4.19: Variation in rut length with inflation pressure at 6 and 7kN normal load; 18, 40, and 42 psi 

inflatio n pressure; and low, medium, and high initial compaction. The data is from the static tire-soil tests in 

October of 2019. 

4.4.3.2 Rut (Footprint) Reconstruction 

As indicated at the end of Section 4.4.2, for each rut formed in the static tire-soil tests in 

October 2019, there were either 29 points (for 3 columns of points chosen on the rut surface) 

or 36 points (for 4 columns of points chosen on the rut surface) for which the coordinate 

measurements were taken. The measured longitudinal, lateral, and vertical coordinates of 

these 29 or 36 points (the raw data points) were fed into an interpolation program to calculate 

all the rest of the data points (the interpolated data points) for the rut reconstruction. An 

example of 36 raw data points collected is shown in Figure 4.20. The raw data points served 

as the basis to perform the spline interpolation which produced about 8000 interpolated data 

points per rut which, together with the raw data points, reconstructed a corresponding rut; 

the 18 ruts reconstructed this way are displayed in Figure 4.21 and Figure 4.22. 
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Figure 4.20: Measured data points of the longitudinal coordinate, lateral coordinate, and vertical coordinate 

(rut depth) of the points on the rut profile; the rut was formed by the SRTT at 5 kN normal load, 30 psi 

inflation pressure, and medium initial soil compaction. The data is from the static tire-soil tests in October of 

2019. 

Except for one or two ruts in Figure 4.21 and Figure 4.22, the trends of rut depth and rut 

length (the contact patch length) w.r.t inflation pressure and initial soil compaction follow 

the same trends as explained in Section 4.4.3.1. In addition, Figure 4.21 and Figure 4.22 

indicate that the rut width, at the same inflation pressure, slightly increases with the decrease 

in initial soil compaction yet remained nearly the same, at the same initial soil compaction 

level, with the increase in inflation pressure; the former trend is due to much more sinkage 

and hence more area of the shoulder in contact with the soil if the initial soil compaction is 

reduced to the lower level. These aforementioned trends in rut length and rut width mean 

that the rut/footprint area (also the tire-soil contact area) tends to grow larger with a decrease 

in initial soil compaction level or inflation pressure when other operational parameters 

remain constant. At the same level of inflation pressure and initial soil compaction, the rut 

formed by the SRTT is smaller in width than the rut formed by the Pirelli, mainly due to the 

fact that the tire width of Pirelli is larger than that of the SRTT. From a few reconstructed 

ruts, it can be seen that these ruts are slightly unsymmetrical about the centerline in the 

longitudinal direction (X direction). This is due to the camber angle, occasionally, being 

slightly positive since 2019, although efforts were made to make the camber angle zero as it 

was in 2017.  
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(a) SRTT, 5kN, 42 psi, and high 

initial compaction. 

(b) SRTT, 5kN, 30 psi, and high 

initial compaction. 

(c) SRTT, 5kN, 18 psi, and high 

initial compaction. 

   

(d) SRTT, 5kN, 42 psi, and medium 

initial compaction. 

(e) SRTT, 5kN, 30 psi, and medium 

initial compaction. 

(f) SRTT, 5kN, 18 psi, and medium 

initial compaction. 

   

(g) SRTT, 5kN, 42 psi, and low 

initial compaction. 

(h) SRTT, 5kN, 30 psi, and low 

initial compaction. 

(i) SRTT, 5kN, 18 psi, and low 

initial compaction. 

Figure 4.21: Rut reconstruction for SRTT at 18, 30, and 42 psi and low, medium, and high initial soil 

compaction. The ruts were formed in the static tire-soil tests in October of 2019. 

If only for studying the influence of inflation pressure, normal load, or initial soil 

compaction on the rut size parameters, it would not have been necessary to reconstruct the 

rut because simply measuring a few rut size parameters will be sufficient. One application 

of rut reconstruction is to parameterize pressure-sinkage models. As pointed out in Section 

2.3.2, commonly parameterization methods that rely on plate-sinkage tests could not 

sufficiently represent tire-soil interaction while the rut reconstructed this way here definitely 




























































































































































































