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Abstract: A high load capacity non-pneumatic tire (HC tire) was designed and manufactured to solve
the problems of air leakage, puncture, blowout, shoulder void, and delamination, which occur in
traditional high load capacity tires, as well as significantly increase the unit load of tires. Experiments
and numerical simulations were conducted to investigate the static stiffness properties of the HC
tire. Additionally, the manufacturing process of the tire was highlighted. The tire mainly comprised
polyurethane and silicon manganese steel, and a ‘π’-shaped support substructure was adopted.
The tread structure was made up of a built-in spiral steel ring and a non-steel ring. The uniaxial
tensile mechanical properties of the used metal and elastomer materials were tested, and the linear
elastic constitutive model and Marlow constitutive model, respectively, were used to describe their
mechanical characteristics. The stiffness properties of the HC tire, including torsional, longitudinal,
vertical, and lateral stiffnesses, were evaluated using a tire comprehensive stiffness tester. Nonlinear
finite element models of the HC tire were established, and their accuracies were verified through
vertical stiffness tests. The stiffness properties of the HC tire in other directions were simulated as
well. An in-depth comparative analysis of the simulation and experimental data was performed. The
results demonstrated that the unit load of the unreinforced HC tire was 2.972 times and 1.615 times
higher than that of the solid tire and pneumatic tire, respectively. The spiral steel ring embedded in
the tread increased the vertical and longitudinal stiffness but reduced the torsional stiffness of the HC
tire, thus reversing the variation trend of the lateral stiffness at the 0◦ and 5◦ test points. The findings
can serve as a reference for theoretical research on, and the structural optimization of, non-pneumatic
tires with a high load capacity.

Keywords: non-pneumatic tire (NPT); high load capacity tire; truck tire; stiffness properties; finite
element analysis

1. Introduction

Tires are crucial automobile components. Its basic functions include supporting the
vehicle weight, transmitting driving and braking torque, providing vibration absorption
and envelope capacity, and ensuring cornering stability. In addition, tires should possess
performance characteristics such as abrasion resistance, low rolling resistance, durability,
and safety [1]. In contrast to rigid wheels, pneumatic tires have dominated the global tire
market for decades due to the following advantages: low contact pressure, low energy
loss, low mass, and low vertical stiffness. However, they have several disadvantages,
including complicated manufacturing procedures, difficulty maintaining proper internal
air pressure, and susceptibility to a flat during driving [2]. Major tire manufacturers and
research institutions have developed run-flat tires and non-pneumatic tires (NPTs) to ensure
a consistent inflation pressure and avoid punctures, thus securing tire performance and
driving safety. The stiffness characteristics and contact pressure of pneumatic tires are
dependent on the inflation pressure, whereas the behaviors of NPTs are influenced by the
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structural and material designs of the support structure and shear bands, which expands
their design space.

NPTs were first conceived by the Michelin company in 2005. Rhyne et al. [3] proposed
a non-pneumatic tire/wheel named a Tweel that breaks the shape and size restrictions of
traditional tires. It is mainly composed of a tread that contains the shear beam, elastic spoke,
and hub. The shear beam consists of elastic materials with a relatively low shear modulus
surrounded by two tensile membranes, which act as a substitute for the inflation pressure.
Tweels not only have the advantages of pneumatic tires, namely low contact pressure,
energy loss, mass, and vertical stiffness, but the torsional, lateral, and vertical stiffnesses
are also no longer closely related. Specifically, designing a structure with low torsional and
vertical stiffnesses and high lateral stiffness by adjusting the design parameters is facile.
Bezgam [4] and Rutherford [5] conducted orthogonal array experiments and established a
2D finite element model (FEM) to study the effect of geometric parameters and spoke angle
on ground force interaction and the spoke vibration amplitudes of a Tweel rolling at high
speed. The former determined that combining a thick spoke with small curvatures with a
thin spoke with large curvatures in alternating spoke pairs of equivalent mass could reduce
vibration. The latter determined that the optimal configuration for reducing vibration is
a wheel with large curvature and short spokes. Ju et al. [6,7] investigated the in-plane
shear and Young’s moduli of auxetic and conventional hexagonal honeycombs made of
mild steel and polycarbonate materials for a given honeycomb metamaterial height. This
was achieved through a numerical parametric study of an analytical model, in which the
flexible shear characteristics were evaluated by varying the cell wall thickness. They then
investigated the contact performance of a tire with metallic cellular shear bands, which af-
fected the in-plane shear flexibility, through finite element analysis. Narasimhan et al. [8,9]
examined the vertical static stiffness of the Tweel and found that it increased with the shear
modulus coefficients of the shear bands in the material constitutive model. Ma et al. [10]
studied the strain (stress) between soil and treaded NPTs with varying shear bands of
different cell geometries through finite element analysis and determined the appropriate
cell angle, cell height, and leg length.

Rugsaj et al. [11–16] conducted a systematic study of the Tweel. The material parame-
ters of the spokes were determined via a three-point bending test and uniaxial tension and
compression tests, and the precision of the material constitutive was confirmed through
simulation. A 3D FEM was established, and its accuracy was verified via vertical stiffness
tests; the appropriate thickness of the spoke was obtained through simulation. Moreover, a
3D transient dynamic FEM was established, and its precision was validated by comparing
the spoke deformations. The wheel was found to have a higher reaction force, deflection,
and stress than static load when rolling. Uniaxial tensile tests were conducted under
different loading conditions to study the ultimate stress and fracture strain of 3D printed
specimens and sliced spoke specimens.

The honeycomb tire was developed by Resilient Technologies in the United States
in 2007. The spoke uses a flexible high-performance material, which has the advantages
of high elasticity and fast heat dissipation while maintaining strength. Kim et al. [17]
determined that the vertical stiffness of NPTs decreased with vertical load due to the
high initial resistance to cell wall compression and subsequent susceptibility of the cell
walls to buckling. Veeramurthy et al. [18] investigated the effects of the shear modulus
of polyurethane and the thickness of the shear band and spokes on the contact pressure,
vertical stiffness, and rolling resistance of NPTs through sensitivity analyses, design of
experiments (DOE), and parametric studies. They minimized the energy loss under contact
pressure and vertical deformation constraints by properly designing the parameters ob-
tained through a response surface model. Meng et al. [19] performed a range of stiffness
and degrees of freedom analyses on NPTs with the honeycomb structure under identical
vertical loading conditions through simulation. They designed cross-arcs and rectangular
cells through a synthetic design method, which leverages compliant mechanism princi-
ples, and an improved design method was applied to the existing honeycomb structure.
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Zang et al. [20] designed a circular and hexagonal honeycomb structure based on the tan-
gent method. They studied the contact pressure, radial stiffness, and displacement rules in
honeycomb structures of different densities and analyzed the bearing performance of NPTs
through simulations performed under static conditions. The findings revealed that when
the honeycomb density increases, its radial stiffness also increases. Jin et al. [21] studied the
dynamic and static characteristics of NPTs with varying honeycomb spokes and discovered
that NPTs had not only much lower maximum stresses than pneumatic tires, but also a
higher load-carrying capacity. Papaeorgiou et al. [22] performed a parametric FEM by
considering a wide range of internal geometrical parameters to evaluate the maximum
vertical displacement, contact pressure, energy absorbed, and maximum stress during the
vertical loading of NPTs. The results revealed that the internal angles, thickness, and den-
sity of cells strongly affected the vertical stiffness. To identify appropriate fatigue-resistant
honeycomb structures for NPTs, Ju et al. [23] designed auxetic and regular cellular spoke
geometries using honeycomb mechanics and investigated their local stresses under uniaxial
loading through finite element analysis. Aboul-Yazid et al. [24] investigated the differences
in the structures of Bridgestone NPTs, Resilient Technologies’ tires, and Michelin’s Tweel
through two-dimensional analysis under quasi-static conditions to determine how the
rolling resistance, stress masses, vertical stiffness, and contact pressure are influenced by
the shear layer and different support structures.

Zhao et al. [25,26] created a mechanical elastic wheel composed of a suspension hub,
hinge units, and flexible tire body. A nonlinear FEM was established to study the dis-
placement and stress distribution of the soil and wheel. Moreover, the effects of different
rotational speeds on the displacement, velocity, and acceleration of the hub center were
discussed. Zhao et al. [27] compared the effect of errors during installation and processing
on the vertical stiffness and observed a good consistency among the bench test results,
interval finite element simulations, and interval mathematical analysis. Wang et al. [28]
analyzed the relations between the excitation frequency, laminated structure parameters,
elastic stiffness of hinges, bending stiffness of the wheel, and radial deformation by ap-
plying the governing differential equations with boundary conditions and the Laplace
transformation. The results indicated that the effect of the equivalent stiffness on the
dynamic response was identical to that of the deformation and laminated structure in the
elastic wheel. Wang et al. [29] evaluated the feasibility of using fused deposition modeling
(FDM) technology to 3D print non-pneumatic tires based on thermoplastic polyurethane
(TPU) materials. They studied the influence of 3D printing process parameters based
on FDM technology on the performance of molded products through tensile testing and
SEM observation, and obtained the optimal 3D printing temperature of the applied ma-
terial. Additionally, they tested the vertical, lateral, and longitudinal stiffness of the 3D
printed NPT.

At present, research on NPTs is focused on small tires with a low loading capacity,
most of which are made of polymer elastomer materials. In this study, a high load capacity
NPT was designed and manufactured to meet the high carrying capacity needs of special
application scenarios; for example, the HC tire can be applied to some automated guided
vehicles whose single tire maximum bearing capacity is 39.2 kN in ports, and military
vehicles with the requirement of bullet impact resistance. The primary contents of this study
are structural design, manufacturing, material mechanical characteristic test, finite element
analysis, and tire bench tests of the HC tire. The accuracy of the FEM was verified, and the
static stiffness properties of an HC tire with different tread structures were analyzed.

2. Structure of the HC Tire

The HC tire was composed of a wheel, an inner concave–convex structure, ‘π’-shaped
support substructures, an outer concave–convex structure, a tread, and a spiral steel ring, as
shown in Figure 1. The wheel adopted an I-shaped structure, and 10 pairs of reinforcing ribs
(141) were uniformly distributed along the circumference (130). The support structure was
composed of 36 similar ‘π’-shaped substructures (142) arranged along the circumference,
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which bear a large part of the load. Further, 36 inner concave–convex substructures (143)
and 2 outer concave–convex substructures (144) were circumferentially arranged along
the inner (132) and outer (131) radial sides of the HC tire, respectively, mainly to induce
the deformation of similar ‘π’-shaped support substructures. The spiral steel ring made
by winding forming was horizontally arranged along the tire to enhance the tread and
transfer the load. The tread was poured from thermosetting polyurethane material, and
the spiral steel ring was evenly prepositioned in the mold. The design parameters of the
HC tire, such as diameter and section width, were benchmarked against a 12.00R20 truck
tire with a width of 315 mm and an outer diameter of 1135 mm, whereas the wheel had an
inner diameter of 350 mm and an outer diameter of 722 mm, as displayed in Figure 2. The
thicknesses of the inner concave–convex substructures, similar ‘π’-shaped substructures,
and outer concave–convex substructures were 3 mm, 1.65 mm, and 2 mm singly. The cross-
section diameter of the spiral steel ring was 10 mm, and its outer diameter was 1185 mm.
The thickness of the convex and concave part of the tread was 77 and 55 mm, respectively.
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3. Manufacturing Process of the HC Tire

Manufacturing the HC tire mainly involves forming the parts and the interface con-
nection between the parts. The inner concave–convex, outer concave–convex, and support
structure were made of silicon–manganese spring steel, the hub was made of wheel steel,
and the tread was made of thermosetting polyurethane.

The inner concave–convex, outer concave–convex, and support structure were man-
ufactured through cold plate bending forming and heat treatment. One-bending, three-
bending, and continuous-bending forming processes were applied to the inner concave–
convex structure, support structure, and outer concave–convex structure, respectively.
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The final products are shown in Figure 3. The springback phenomenon of the sheet after
bending should be considered when designing the die, and a suitable springback angle
should be selected to ensure bending accuracy. Before bending forming, the steel plate
was preheated to improve the material microstructure, eliminate the internal stress, and
improve the bending performance of the sheet. After forming, the workpiece was quenched
and tempered to meet the requirements of hardness, toughness, and plasticity. Further, the
hub was manufactured through rolling and welding.
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The interface connection of metal parts was formed through metal surface treatment
and resistance spot welding. A bolt connection between the outer concave–convex structure
and support structure was used. The hub, inner concave–convex structure, and support
structure were connected through resistance spot welding, as shown in Figure 4, which
involves the welding of multilayer dissimilar steel plates of unequal thickness. Before
welding, the metal surface should be pickled to ensure the workpiece surface meets the
welding requirements. Moreover, the welding pressure, welding current, welding time,
and cooling time in the preheating, welding, and tempering steps should be reasonably
set to ensure that the positive tensile strength and shear strength of the solder joint meet
the requirements.

Lubricants 2023, 11, x FOR PEER REVIEW 5 of 18 
 

 

The inner concave–convex, outer concave–convex, and support structure were man-
ufactured through cold plate bending forming and heat treatment. One-bending, three-
bending, and continuous-bending forming processes were applied to the inner concave–
convex structure, support structure, and outer concave–convex structure, respectively. 
The final products are shown in Figure 3. The springback phenomenon of the sheet after 
bending should be considered when designing the die, and a suitable springback angle 
should be selected to ensure bending accuracy. Before bending forming, the steel plate 
was preheated to improve the material microstructure, eliminate the internal stress, and 
improve the bending performance of the sheet. After forming, the workpiece was 
quenched and tempered to meet the requirements of hardness, toughness, and plasticity. 
Further, the hub was manufactured through rolling and welding. 

    
Figure 3. Bending die and main structures of HC tire: (a) bending die; (b) similar ‘π’-shaped support 
substructure; (c) outer concave–convex substructure; and (d) inner concave–convex substructure. 

The interface connection of metal parts was formed through metal surface treatment 
and resistance spot welding. A bolt connection between the outer concave–convex struc-
ture and support structure was used. The hub, inner concave–convex structure, and sup-
port structure were connected through resistance spot welding, as shown in Figure 4, 
which involves the welding of multilayer dissimilar steel plates of unequal thickness. Be-
fore welding, the metal surface should be pickled to ensure the workpiece surface meets 
the welding requirements. Moreover, the welding pressure, welding current, welding 
time, and cooling time in the preheating, welding, and tempering steps should be reason-
ably set to ensure that the positive tensile strength and shear strength of the solder joint 
meet the requirements. 

 
Figure 4. Resistance spot welding. 

Tread forming involves metal surface treatment and pouring. Before pouring, the 
surfaces of the spiral steel ring and outer concave–convex structure were sandblasted and 
sprayed with bottom and outer adhesives to ensure adequate bonding strength between 
the applied thermosetting polyurethane, whose density is 1.13 g/cm3, and the metal. After 
the spiral steel ring and assembled metal parts were positioned in the pouring mold and 

Figure 4. Resistance spot welding.

Tread forming involves metal surface treatment and pouring. Before pouring, the
surfaces of the spiral steel ring and outer concave–convex structure were sandblasted and
sprayed with bottom and outer adhesives to ensure adequate bonding strength between
the applied thermosetting polyurethane, whose density is 1.13 g/cm3, and the metal. After
the spiral steel ring and assembled metal parts were positioned in the pouring mold and
heated together, a uniformly mixed prepolymer and curing agent were injected into the
mold cavity, and the mold was released after it was completely cured, as shown in Figure 5.
After tread demolding, secondary vulcanization was performed for 16 h to ensure the
polyurethane hardness fully met product requirements.
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Rubber materials in traditional tires can be recycled, which are otherwise hard to
dispose of [30]. The end-of-life tires are cut and crumbled to rubber particles of various
sizes: granulate, fibers, grit, or powder, and then thermally processed. The rubber particles
can be used as materials for, for example, car floor mats, under ballast mats, vibration
isolation elements, soundproof coverings, or playground pavements. Similarly, thermoset
polyurethane can also be recycled [31]. The main recycling route for thermoset polyurethane
is to grind it down to a fine powder and use it as filler in new molding compounds.
For instance, the polyurethane recyclable granules obtained from end-of-life NPTs are
compounded with polyester resin for compression molding to manufacture bulk molding
compound, in which the recyclable granules make up 70% of the weight, and the other 30%
is the resin binder.

4. Experiments
4.1. Tests on Mechanical Properties of Metal and Thermosetting Polyurethane

Building an FEM of the HC tire requires accurately determining the mechanical
properties of materials. Three dumbbell-shaped tensile specimens were cut from the
inner concave–convex substructures and wheel by wire-electrode cutting, clamped onto
an electronic universal testing machine, and fitted with a strain gauge, as displayed in
Figure 6a,b. Referring to GB/T 228.1-2010 [32], tests on the uniaxial tensile mechanical
properties were performed at a machine displacement speed of 2 mm/min. The mechanical
properties of the metal materials are listed in Table 1.
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Table 1. Mechanical property parameters of metal materials.

Material Tensile Strength (MPa) Yield Strength (MPa) Young’s Modulus (GPa) Poisson Ratio

Si-Mn spring steel 1326 1200 207 0.28
Wheel steel 682 536 205 0.27



Lubricants 2023, 11, 180 7 of 18

The mold was designed, and the polyurethane tensile specimens were poured, after
which the specimens were clamped on the rubber universal testing machine and fitted
with a strain gauge, as shown in Figure 6c,d. Tests on the uniaxial tensile mechanical
properties were conducted at a machine displacement speed of 500 mm/min, as per HG/T
3849-2008 [33]. The stress–strain curves of the polyurethane specimen are shown in Figure 7.
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4.2. Static Stiffness Test of the HC Tire

Stiffness is a critical index of tire performance, and the stiffness test is important for
determining if the tires meet requirements. Referring to GB/T 23663-2020 [34], the static
vertical, lateral, longitudinal, and torsional stiffness tests of the HC tire were conducted on
the GDJ-4 tire comprehensive stiffness tester, whose maximum vertical test load, maximum
lateral and circumferential test load, and maximum torque were 100 kN, 50 kN, and
3000 Nm, respectively. As displayed in Figure 8a,b, three sets of test positions were
uniformly selected along the circumference of the HC tire, each containing 0◦ and 5◦ test
points. The load rating of the HC tire was 110.25 kN. However, due to limits in the
maximum vertical test load of the test machine, the vertical, lateral, longitudinal, and
torsional stiffness tests were performed on each test point at vertical loads of 7.35 kN,
14.7 kN, 22.05 kN, 29.4 kN, 36.75 kN, 44.1 kN, 51.45 kN, 58.8 kN, 66.15 kN, 73.5 kN,
80.85 kN, 88.2 kN, and 95.55 kN.
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Figure 8. Static stiffness test of HC tire: (a) 0◦ test point; (b) 5◦ test point; (c) vertical stiffness test;
(d) longitudinal stiffness test; (e) lateral stiffness test; and (f) torsional stiffness test.

The bottom plane of the testing machine remained stationary during the vertical
stiffness test, and the loading shaft transmitted different vertical loads to the hub center.
As shown in Figure 8, the bottom plane of the testing machine executed longitudinal
(lateral) motion after different vertical loads were stably applied to the hub center during
the longitudinal (lateral) stiffness test. In contrast, when testing the torsional stiffness,
the bottom plane of the testing machine rotated in the normal direction after different
vertical loads were stably applied to the wheel center. The displacement and force data
were collected using machine sensors.

5. Finite Element Model
5.1. Material Constructive Model

The strain energy potential U(E), which is defined as the strain energy stored within a
unit volume of the material as a function of the strain of the material, is used to describe
hyperelastic materials. The ABAQUS finite element software provides a few forms of the
strain energy potential for modeling largely incompressible isotropic elastomers: van der
Waals, polynomial, reduced polynomial, Ogden, neo-Hookean, Mooney–Rivlin, Marlow,
Yeoh, and the Arruda–Boyce forms. The Marlow form is recommended when only one
type of experimental data, such as planar, equibiaxial, or uniaxial test data, is accessible.
For this case, a strain energy potential that will exactly reproduce the test data and produce
reasonable behavior in other deformation modes is established.

The Marlow model assumes that the strain energy potential is independent of the
second deviatoric invariant I2. The strain energy potential form of the Marlow model is

Uε= Udev
(
I1
)
+Uvol(J el

)
(1)

where Uε is the strain energy stored within a unit volume of the material: Uvol is its
volumetric part, and Udev the deviatoric part. The first deviatoric strain invariant is I1,
which is defined as

I1 = λ1
2
+ λ2

2
+ λ3

2 (2)

where the deviatoric stretches λn= J−
1
3 λn. Notably, λn represents the principal stretches, J

is the total volume ratio, and Jel is the elastic volume ratio. The deviatoric part of potentials
is described by either planar, equibiaxial, or uniaxial test data, whereas the volumetric part
is defined from the volumetric test data, which involves specifying the lateral strains or
defining the Poisson’s ratio from the test data.

The elastic volume ratio, Jel, connects the thermal volume ratio, Jth, and the total
volume ratio, J:

Jel =
J

Jth
(3)

Jth is given by
Jth= (1 + εth)3 (4)
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where εth is the linear thermal expansion strain obtained from the isotropic thermal expan-
sion coefficient and the temperature.

Figure 9 shows the fitted polyurethane mechanical curves. Noticeably, the uniaxial
tensile engineering stress–strain curve (uniaxial-test) is in good agreement with the fitted
uniaxial tensile curve (uniaxial-Marlow). The fitted planar tensile curve (planar-Marlow)
and biaxial tensile curve (biaxial-Marlow) are consistent with the variation range and trend
of elastomer materials under corresponding loading conditions. A linear elastic constitutive
model whose parameters are defined with reference to the data in Table 1 is applied to
metallic materials.
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5.2. Finite Element Model of the HC Tire

The ABAQUS2018 finite element software of Dassault Systemes was used to establish
a three-dimensional nonlinear FEM of the HC tire. The FEMs of the entire tire and main
bearing parts are shown in Figure 10. For the FEM of the HC tire, the wheel, inner
concave–convex structure, outer concave–convex structure, and support structure were
meshed using four-node linear reduced integral elements S4R. The spiral steel ring was
meshed using eight-node linear reduced integration elements C3D8R. The tread was made
of incompressible hyperelastic material, and eight-node linear reduced integral hybrid
element C3D8RH was used to avoid volume self-locking. The element number of the HC
tire was 345,940, and the number of nodes was 377,082.
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In the FEM of the HC tire, the chemical bonding between the tread and outer concave–
convex structure, the bolted connection between the outer concave–convex structure and
support structure, and the welding connection between the hub, inner concave–convex
structure, and support structure were all constrained using Tie. The chemical bonding
between the tread and spiral steel ring and the welding connection among the wheel
components were constrained by common-node elements. Coupling constraints were set
between the characteristic edge nodes of the inner edge of the wheel and the reference
point of the wheel center. The interaction behavior between the bottom plane of the testing
machine and the tread involves large deformation and nonlinear contact. The bottom plane
was regarded as a rigid analytical body due to its deformation being negligible compared to
that of the tire. The tread and bottom plane were placed in surface-to-surface contact, and
their tangential and normal behaviors were described by the penalty and hard algorithms,
respectively. The friction obeyed Coulomb’s law, and the friction coefficient was set as
0.95. The force and boundary conditions of the wheel and analytical rigid body reference
points were set according to their conditions in the stiffness test while simulating the static
stiffness properties.

6. Results and Discussion
6.1. Validation of the FEM Model

The simulation accuracy of the vertical stiffness properties in the established FEM
of the HC tire was verified to ensure the accuracy of the numerical simulation as well as
the credibility of the data obtained in the simulation of other working conditions. The
vertical displacement of the HC tire at 0◦ and 5◦ test points was calculated using the FEM
at 7.35 kN increments of the vertical load from 0 to 95.55 kN. Figure 11 shows the measured
and simulated vertical displacement of the HC tire under different vertical loads at 0◦ and
5◦ test points, which are in good agreement. The absolute error in the simulation compared
with the test results is shown in Figure 12. The maximum error in the vertical displacement
was 8.72%, and the value was less than 2.5% when the load was greater than 29.4 kN, which
verifies the accuracy of the FEM. When the vertical load was small, the metal connection
interface in the FEM was closely fitted. However, due to the manufacturing and assembly
errors in the metal parts of the physical HC tire, a small gap was present between the
connection interfaces, resulting in a large simulation error. As the load increased, the gap
gradually decreased until compaction, and the simulation error decreased.
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6.2. Unit Load of the HC Tire

As shown in Figure 13, the maximum stress in the support structure was less than the
yield strength of the silicon–manganese spring steel when the vertical load on the HC tire
was 110.25 kN, revealing that the HC tire meets the bearing requirements. According to
the stress nephogram, the bearing mechanism of the HC tire is the bottom bearing. The
tire is mainly supported by three support substructures at the bottom 0◦ test point and
two support substructures at the bottom 5◦ test point.
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Figure 13. Stress nephogram of the HC tire: (a) stress nephogram of reinforced HC tire at 0◦ test point;
(b) stress nephogram of reinforced HC tire at 5◦ test point; (c) stress nephogram of unreinforced HC
tire at 0◦ test point; and (d) stress nephogram of unreinforced HC tire at 5◦ test point.

The design load of the HC tire was 110.25 kN, whereas the maximum load of the
12.00-20 solid tire and 12.00R20 pneumatic tire was 39.2 kN; their weights were 257.8 kg
(269.4 kg for reinforced HC tire), 272.2 kg, and 143.8 kg, respectively. Accordingly, their
unit loads were 0.428 kN/kg (0.409 kN/kg for the reinforced HC tire), 0.144 kN/kg, and
0.265 kN/kg, respectively. The unit load of the unreinforced HC tire, for example, was
2.972 times and 1.615 times that of the solid tire and pneumatic tire, respectively.
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6.3. Vertical Stiffness

The fitting line of the vertical stiffness simulation results of the HC tire is shown in
Figure 14a. Noticeably, the inflection points occurred at vertical loads of 7.35 kN and
36.75 kN. The vertical displacement of the support structure and tread are displayed in
Figure 14b. The change in the vertical stiffness of the support structure and nonlinear
compressive mechanical properties of polyurethane led to the first inflection point of the
vertical stiffness of the HC tire, and the support structure had a larger vertical stiffness
at the 5◦ test point. The second inflection point of the vertical stiffness of the HC tire
was attributable to the nonlinear compressive mechanical properties of polyurethane.
When the vertical load exceeded 7.35 kN, the contact state between the deformed support
structure and outer concave–convex structure changed, as shown in Figure 15. A gap was
present between the support structure and the induced area of the outer concave–convex
substructure before loading. With the increase in vertical load, the deformed support
structure and the induced area became connected, resulting in the disappearance of the
gap. Accordingly, the support structure deformed, increasing the vertical stiffness of the
support structure.
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The vertical stiffness fluctuation ratio and increase ratio for each stage in Figure 16
demonstrate that the spiral steel ring can reduce the stiffness fluctuation between the 0◦

and 5◦ test points and mitigate the increase in stiffness amplitude with vertical load at
each stage. Figure 14b shows that when the grounding center of the reinforced HC tire
changed from the 0◦ to 5◦ test point, the decreased sinkage of the support structure was
almost equal to the increased tread sinkage. In other words, the overall sinkage was almost
unchanged, so its radial stiffness hardly fluctuated. Similarly, for the unreinforced HC tire,
the decreased sinkage of the support structure was greater than the increased sinkage of
the tread: that is, the overall sinkage was reduced, so its radial stiffness exhibited a slight
fluctuation. Comparisons of the tread sinkage of the HC tire revealed that the value of the
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reinforced HC tire was relatively small, indicating that the spiral steel ring increased the
vertical stiffness of the tread. The increased ratio of the vertical stiffness of the reinforced
HC tire compared to the unreinforced HC tire is shown in Figure 17. The increased range
of the vertical stiffness under the same working conditions decreased with the vertical load,
which indicates that the spiral steel ring has a greater influence on the vertical stiffness
under a low vertical load.
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6.4. Longitudinal Stiffness

The measured and simulated longitudinal displacements of the HC tire under different
longitudinal loads are displayed in Figure 18a. Noticeably, the longitudinal displacement of
the unreinforced HC tire increased linearly before it slipped, and it had a larger longitudinal
displacement under the same longitudinal load. When the HC tire fully slipped, a greater
longitudinal force was generated at the 0◦ test point.
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vertical loads.

Figure 18b shows the variation in the measured longitudinal stiffness of the HC tire.
The longitudinal stiffness of the reinforced HC tire at the 0◦ and 5◦ test points first decreased
and then increased with vertical load and reached the minimum when the vertical load
was 51.45 kN. The longitudinal stiffness of the unreinforced HC tire decreased with vertical
load at the 0◦ and 5◦ test points and almost stabilized when the vertical load was greater
than 51.45 kN. This indicates that when the vertical load is greater than 51.45 kN, the spiral
steel ring acts to increase the longitudinal stiffness with the vertical load.

The longitudinal stiffness fluctuation ratio of the 0◦ test point of the HC tire is com-
pared to that of the 5◦ test point under different vertical loads in Figure 19. Noticeably, the
longitudinal stiffness fluctuation ratio under different vertical loads changes little and is less
than 2.49%, which indicates that the spiral steel ring cannot reduce the longitudinal stiffness
fluctuation. Moreover, Figure 19 shows that the longitudinal stiffness of the reinforced HC
tire under different vertical loads increased by more than 20.8% compared to that of the
unreinforced ones, indicating that the spiral steel ring can increase the longitudinal stiffness.
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6.5. Lateral Stiffness

The measured and simulated lateral displacements of the HC tire under varying lateral
load conditions are displayed in Figure 20a. Noticeably, the reinforced HC tire exhibits
greater lateral displacement under the same vertical load during the slip stage. During
complete slipping, the reinforced HC tire exhibited a greater lateral force at the 0◦ test point
than at the 5◦ test point. However, the difference in the lateral force of the unreinforced HC
tire between the two test points was marginal.
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The variation in the measured lateral stiffness of the HC tire with vertical load is
shown in Figure 20b. It first increased at the 0◦ and 5◦ test points, decreased, and increased
again with the increase in the vertical load.

Comparisons of the fluctuation ratio of the lateral stiffness at the 0◦ test point of the
HC tire to the 5◦ test point under different vertical loads are shown in Figure 21. The lateral
stiffness at the 0◦ test point of the reinforced HC tire was greater than that at the 5◦ test
point; in contrast, the unreinforced HC tire exhibits the opposite trend, suggesting that
the spiral steel ring reverses the variation trend of the lateral stiffness at the 0◦ and 5◦ test
points. The fluctuation ratio of the lateral stiffness at the 0◦ test point was compared to
that at the 5◦ test point, revealing that the spiral steel ring cannot reduce the fluctuation.
Moreover, the lateral stiffness of the unreinforced HC tire at the 5◦ test point was compared
with that of the reinforced ones, as shown in Figure 21. The former increased by more
than 6.51%, which indicates that the spiral steel ring reduces the lateral stiffness; at the
0◦ test point, the ratio changes from negative to positive, indicating that the spiral steel ring
first increases and then decreases the lateral stiffness.
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6.6. Torsional Stiffness

The measured and simulated torsion angles of the HC tire under varying torque
conditions are shown in Figure 22a. The reinforced HC tire had a greater torsion angle
under the same vertical load at the slip stage. At full slipping, the unreinforced HC tire
produced greater torque, which was higher at the 5◦ than at the 0◦ test point, but the torque
in the reinforced HC tire did not differ much between the two test points.
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(b) measured torsional stiffness of the HC tire below varying vertical loads.

The variation in the measured torsional stiffness with vertical loads of the HC tire is
shown in Figure 22b. It increased at the 0◦ and 5◦ test points with the vertical load, and the
growth trend exhibited a gradual increase. The inflection point of the torsional stiffness of
the reinforced HC tire was observed at a vertical load of 51.45 kN, whereas it was observed
at 36.75 kN for the unreinforced HC tire, which indicates that the spiral steel ring can delay
the occurrence of the inflection point.

Comparisons of the torsional stiffness fluctuation ratio of the 0◦ and 5◦ test points
of the HC tire under different vertical loads are shown in Figure 23, which reveals that
the spiral steel ring cannot reduce the fluctuation. Figure 23 also illustrates that when
the vertical load was less than 51.45 kN, the torsional stiffness of the unreinforced HC
tire increased by more than 21.31% compared to that of the reinforced HC tire under
different vertical loads. When the vertical load was greater than 51.45 KN, the increase
ratio gradually decreased. Therefore, the spiral steel ring can reduce the torsional stiffness,
and when the vertical load is greater than 51.45 kN, the weakening effect decreases with
the vertical load.
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7. Conclusions

In this study, a high load capacity NPT was designed and fabricated, considering
two tread designs: a built-in and non-built-in spiral steel ring. The static vertical, longitu-
dinal, lateral, and torsional stiffness of the HC tire at 0◦ and 5◦ test points were studied
based on experiments and simulations. From the analysis, the following key conclusions
are drawn:
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(1) The accuracy of the FEM of the HC tire was verified from the static vertical stiffness
test data. The FEM model can, therefore, be used to investigate the mechanical
behaviors of the HC tire under varying working conditions;

(2) The bearing mechanism of the HC tire is the bottom bearing, and the unit load of the
unreinforced HC tire is 2.972 times and 1.615 times that of the solid and pneumatic
tires, respectively;

(3) Two inflection points are present in the vertical stiffness fitting line of the HC tire,
which can provide a reference for the design of NPTs with variable vertical stiffness.
The spiral steel ring embedded in the tread can reduce the vertical stiffness fluctuation
and increase the vertical stiffness of the HC tire;

(4) The longitudinal stiffness of the reinforced HC tire first decreases and then increases
with the vertical load and reaches the minimum when the vertical load is 51.45 kN.
In contrast, the longitudinal stiffness of the unreinforced HC tire decreases with the
vertical load and tends to be stable when the vertical load is greater than 51.45 kN.
The spiral steel ring embedded in the tread cannot reduce the longitudinal stiffness
fluctuation but can increase the longitudinal stiffness of the HC tire;

(5) The lateral stiffness of the HC tire first increases, decreases, and then increases with
the increase in the vertical load. The spiral steel ring reverses the variation trend of
the lateral stiffness with vertical loads at the 0◦ and 5◦ test points. However, the spiral
steel ring embedded in the tread cannot reduce the lateral stiffness fluctuation;

(6) The torsional stiffness of the HC tire increases with vertical load. The spiral steel ring
embedded in the tread can reduce the torsional stiffness of the HC tire but cannot
reduce the torsional stiffness fluctuation. The spiral steel ring embedded in the tread
can reduce the torsional stiffness of the HC tire but cannot reduce its fluctuation;

(7) The results of this study can guide the design of the support structure and reinforced
tread structure of NPTs with high capacity requirements.
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