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ABSTRACT 25 

Tyre/road noise is one of the major sources of noise pollution in urban areas. This phenomenon can be 26 

described as the combined effect of several generation and amplification mechanisms. Acoustic resonances 27 

due to the tread grooves at the footprint region, also known as pipe resonances, are particularly important 28 

since they can generate high noise levels if they combine with harmonic generation mechanisms. This paper 29 

deals with a numerical investigation of this phenomenon and describes modelling approaches that might be 30 

used to estimate the frequencies and the mode shapes of these resonances. 31 

 32 
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1. INTRODUCTION 35 

A considerable number of people are exposed to high levels of road traffic noise [1]. This 36 

problem is mainly due to the tyre/road interaction, which is the dominant noise source 37 

for almost all types of driving conditions [2] and it is even more evident in the case of 38 

electric and hybrid powertrains. The most effective way to reduce tyre/road noise is the 39 

development of low-noise tyres. However, this task is challenging due to the complexity 40 

of the phenomena involved. 41 

Tyre/road noise is caused by several generation and amplification mechanisms [3–7], 42 

which are strictly related to tyre design parameters. In particular, the tread pattern plays 43 

a crucial role [8–10], since it is both a generator, due to the tread impact and the air 44 

pumping mechanisms [11,12], and an amplifier, due to the acoustic resonances of the air 45 

volumes inside the grooves at the footprint region. These mechanisms are important 46 

since the vibroacoustic dynamic of the footprint region dominates the overall noise 47 

[13,14] because of horn amplification [15–17]. To reduce the tyre/road noise, it is 48 

therefore fundamental to avoid the combination of the grooves’ acoustic resonances and 49 

the generation mechanisms. For this reason, investigating and modelling these 50 

resonances are relevant for the tyre industry. 51 

The air volume inside a groove can be modelled as a duct of length 𝐿, in which air 52 

displacements may generate standing waves. Basic analytical models show that, 53 

depending on the boundary conditions of the two ends, the first resonance frequency is 54 

𝑓 =
𝑐

2𝐿
 (both ends closed or open) or 𝑓 =

𝑐

4𝐿
 (one end closed and the other open), where 55 

𝑐 is the sound speed. However, the actual resonance frequency is typically lower since, 56 
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for open ends, the acoustic wavelength is longer than the geometrical length of the 57 

groove. This aspect can be included by using complex impedance models, or by 58 

considering an additional duct length Δ𝐿 for each open end  [18,19]. The latter, also 59 

known as the “end correction” approach, is discussed in [3,20] for tyre/road noise 60 

applications, and expressions for evaluating Δ𝐿 provided the grooves’ cross-sections are 61 

reported. Instead, in [21] the author suggests an end correction in the range of Δ𝐿 = 15 −62 

20 mm. 63 

Nonetheless, this simplified analytical approach cannot describe the acoustic resonances 64 

of real tread patterns, which are made up of several interconnected grooves. To 65 

investigate such systems, a numerical approach is required. For this reason, in [22,23] the 66 

authors used the Boundary Element Method (BEM) and the Finite Element Method (FEM) 67 

to model a network of ducts in a horn-like structure, with the intent of studying the 68 

acoustic amplifications of this system and tuning the resonance frequencies. Another 69 

study that involves numerical FEM models of the grooves’ acoustic resonances can be 70 

found in [24] 71 

This paper deals with FEM models for the analysis of the tread grooves’ acoustic 72 

resonances. First, the outcomes of a parametric analysis based on simple geometries are 73 

shown, with the aim of describing some fundamental aspects of the phenomenon. Then, 74 

the discussion focuses on three approaches that might be employed during tyre design. 75 

Therefore, a realistic tread pattern geometry is used, and comparisons are performed. It 76 

is worth mentioning that in this paper the analysis of the acoustic resonances aims to 77 

evaluate their frequencies and mode shapes only, whereas a comprehensive model that 78 
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simulates the sound field of a rolling tyre is out of the scope of this work. Instead, this 79 

topic is discussed in other references [7,14,25]. 80 

This paper is organised as follows. In Section 2, a general overview of the methodology 81 

and possible modelling approaches are presented. Then, fundamental concepts of tread 82 

grooves’ acoustic resonances are discussed through interpretative models of a 83 

circumferential groove with lateral grooves. In Section 3, the modelling approaches are 84 

used to analyse the acoustic resonances of a tread pattern. In addition, a modelling 85 

approach based on a network of mono-dimensional finite elements is presented, with the 86 

intent of describing an alternative approach to study the grooves’ resonances. The 87 

limitations and strengths of the approaches are also discussed. Finally, the conclusions of 88 

this work are drawn in the last section. 89 

 90 

2. METHODOLOGY AND FUNDAMENTALS OF THE TREAD GROOVES’ ACOUSTIC 91 

RESONANCES 92 

In this work, the grooves’ acoustic resonances were investigated using acoustic Finite 93 

Element models. According to this approach, the geometry of interest is discretised into 94 

finite elements and the mass and stiffness matrices of the system, 𝑀 and 𝐾, are 95 

assembled [26]. Then, the acoustic resonances can be found by solving the eigenvalue 96 

problem of an undamped system: 97 

 (−𝜔𝑛
2𝑀 + 𝐾) φn = 0 (1) 

where the unknowns are the natural frequencies 𝑓𝑛 = 𝜔𝑛/2𝜋 and the mode shapes φ𝑛. 98 

 99 
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 Different approaches can be used when defining these models. Firstly, simulations 100 

may differ in terms of modelled air volume. In some cases, only the air inside the tread 101 

grooves at the footprint region is included, whereas other simulations can be based on a 102 

larger volume that also includes the air around the whole tyre. In addition, for simulations 103 

based only on the air inside the tread grooves, the so-called “end corrections” might also 104 

be included to improve the results. On the other hand, the methodology for describing 105 

the geometries (i.e. tread grooves and tyre surfaces) can be based on CAD (Computer-106 

Aided Design) models, on simplified approaches, or on the results of numerical structural 107 

simulations, where a deformed tyre geometry is considered. In this paper, several 108 

approaches are discussed and compared. Therefore, for the sake of clarity, their names 109 

and main features are listed in Table 1. For Approaches 1 and 2, models were defined 110 

within the Wave6 commercial software, whereas Approaches 3a and 3b are based on 111 

codes implemented within Matlab by the authors. 112 

 113 

Before comparing the modelling approaches, in this section the fundamental principles 114 

of the tread grooves’ acoustic resonances are introduced and simple interpretative 115 

models are used to investigate how lateral grooves influence the acoustic resonances of 116 

a circumferential groove. “Approach 1” is used, since only the grooves’ air volumes are 117 

modelled. Therefore, the effect of the air surrounding the footprint region is neglected 118 

and no end correction is applied.  119 

First of all, a model of a circumferential groove was defined, considering a rectangular 120 

cross-section of 10 mm x 7 mm and a footprint length of 140 mm. These dimensions were 121 
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based on the tread pattern geometry considered later in this work. A pressure release 122 

boundary condition was applied to the grooves’ terminations and no end correction was 123 

considered. By solving the eigenvalue problem associated with the model (refer to Eq. 1), 124 

two acoustic modes were found within the frequency range of interest 0-3 kHz. This range 125 

was chosen given that tyre noise occurs mainly at these frequencies. The model’s 126 

geometry and the results are shown in Figure 1.  127 

 128 

The resulting modes agree with the analytical formulation, both in terms of natural 129 

frequencies and mode shapes. In particular, the first resonance shows two nodes at the 130 

groove’s ends and an antinode at the centre, whereas the second resonance shows two 131 

antinodes. It is worth pointing out that, for tyre noise applications, within the frequency 132 

range of interest the acoustic modes are characterised by plane waves only. Indeed, 133 

considering a duct with an equivalent circular cross-section, the cut-on frequency of 134 

cross-sectional modes is: 135 

 𝑓𝑐𝑢𝑡−𝑜𝑛 = 1.841 ⋅
𝑐

𝜋𝑑
 (2) 

where 𝑐 stands for the sound speed and 𝑑 for the duct diameter. Taking into account that 136 

most of the tyre noise is concentrated below 3 kHz, grooves with diameters larger than 137 

65 mm would be required to develop cross-sectional modes. Since this dimension is 138 

typically much smaller, it is safe to assume that cross-sectional modes are not relevant to 139 

this application. 140 

 141 
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Then, a set of lateral grooves was included in the model, considering a cross-section area 142 

of 10 mm x 3 mm and a length of 20 mm. Grooves were positioned with a spacing of 25 143 

mm to schematise an ideal tyre with a tread pattern made up of 80 pitches distributed 144 

along a circumference of 2 m. All lateral groove terminations were assumed to end in 145 

open air. As a consequence, a pressure release boundary condition was applied. The 146 

model and the results are represented in Figure 2.  147 

 148 

It can be observed that the inclusion of the lateral grooves caused no significant variation 149 

of the mode shapes along the circumferential groove. In addition, the pressure field inside 150 

a lateral groove can be described as a transition from a null pressure (imposed at the open 151 

ends) to the pressure at the intersection with the circumferential groove. This is valid up 152 

to the frequency range of the lateral grooves’ resonances, which is typically higher than 153 

that of the circumferential grooves’ resonances. This range can be estimated considering 154 

that the resonance of an open-ended lateral groove of length 𝐿𝑙𝑎𝑡 is approximately at 𝑓 =155 

𝑐/(2𝐿𝑙𝑎𝑡). For this model, it was confirmed that these resonances are present from 156 

approximately 8 kHz.  157 

The results show higher natural frequencies than the model of a circumferential groove 158 

only. This behaviour can be explained considering that, even though a progressive 159 

transition is present, the null pressure at the lateral groove ends is a constraint for the 160 

circumferential groove’s air volume, generating a stiffening effect. This effect has a higher 161 

impact on the first resonance (+53% frequency shift) than the second one (+12% shift). 162 

 163 
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A closed-end boundary condition was also imposed at the lateral grooves’ terminations 164 

and the results are represented in Figure 3. In this case, when the circumferential groove 165 

resonates, the lateral grooves’ air volumes vibrate accordingly, without a transition to a 166 

null pressure. This causes an increment in the modal mass of the system, without 167 

introducing an additional stiffening effect. Therefore, comparing the results against those 168 

for the circumferential groove model, a reduction of the natural frequencies is obtained. 169 

In this condition, the lateral grooves behave as quarter-wave resonators and may 170 

resonate at much lower frequencies than the open-end lateral grooves. In this case, a 171 

qualitative estimate can be obtained considering that these resonances are present even 172 

below 𝑓 = 𝑐/(4𝐿𝑙𝑎𝑡). For this model, these resonances are visible starting from 3kHz.  173 

 174 

To extend the analysis, additional simulations were performed to investigate the effect of 175 

the lateral grooves’ length. The results are shown in Figure 4, considering both open-end 176 

lateral grooves (on the left) and a closed-end boundary condition (on the right). Each plot 177 

represents the trend of the first (in black) and second resonance frequencies (in red) for 178 

the variation of the lateral groove length. Attention should be paid to the two y-scales 179 

included in the representations, one for each resonance frequency. The results show that, 180 

for both boundary conditions, longer lateral grooves cause lower resonance frequencies. 181 

For the open-end boundary condition, this can be explained considering that a lower 182 

stiffening effect is present if the null pressure condition is imposed at a higher distance 183 

from the circumferential grooves. On the other hand, for the closed-ends case, a greater 184 

lateral groove length causes an increment in air volumes, and thus a higher modal mass. 185 
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Finally, comparing the two black curves in Figure 4, it can be stated that longer lateral 186 

grooves determine higher reductions in the first resonance frequency in the case of open-187 

ends. 188 

 189 

 For these analyses, a 25 mm spacing between lateral grooves was considered, 190 

resulting in six grooves connected to the circumferential one. Even though this length was 191 

chosen as representative of a car tyre, an analysis of the influence of the number of lateral 192 

grooves at the footprint region was performed. In Figure 5, the effect on the resonance 193 

frequencies of a transition from zero to six 20 mm lateral grooves is shown. The stiffening 194 

effect is confirmed for the open-end lateral grooves as well as the mass effect for closed-195 

end ones. In conclusion, the higher the number of lateral grooves, the higher the influence 196 

of these two mechanisms.  197 

 198 

  During tyre rolling, the tread pattern enters the contact patch at the inlet region 199 

and moves towards the outlet, causing a progressive displacement of the grooves along 200 

the circumferential direction. For acoustic analyses, this can be simplified by assuming 201 

that the circumferential grooves’ geometry is not affected, whereas a progressive shift of 202 

the lateral grooves along the circumferential direction is present. Therefore, an analysis 203 

of the variation of the resonance frequencies due to the position of the lateral grooves 204 

was performed. This analysis was parametrised by expressing the lateral grooves’ 205 

displacement as a fraction of one pitch distance (i.e. the spacing between the lateral 206 

grooves). In fact, for mono-pitched patterns such as the one considered in this section, 207 
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the configuration of the lateral grooves is periodic in relation to the pitch distance. The 208 

outcomes of the investigation are shown in Figure 6 for both open-end and closed-end 209 

boundary conditions. Paying attention to the ranges of the y-axes, it can be concluded 210 

that the variations of the resonance frequencies are very limited and negligible compared 211 

to the other effects discussed previously. However, this conclusion is significant, since it 212 

justifies the choice of studying the acoustic resonances using a static geometry and 213 

neglecting the motion of the tread pattern at the footprint region. 214 

 215 

3. MODELLING APPROACHES FOR ANALYSING THE ACOUSTIC RESONANCES OF A 216 

TREAD PATTERN 217 

 The aim of this section is to discuss different modelling approaches for the analysis 218 

of the acoustic resonances of a tread pattern geometry. Reference is made to the 219 

classification introduced in Table 1. To define a case study, it was observed that most 220 

summer tyres are made with four circumferential grooves and five tread block sections, 221 

the so-called “ribs”. At the central ribs, circumferential grooves are connected through 222 

narrow lateral grooves called “sipes”, whereas the outer ribs are characterised by open-223 

ended lateral grooves.  Based on this layout, the geometry of a simplified tread pattern 224 

was defined. A 225/55R17 tyre size with a known footprint length and width was 225 

considered.  226 

 227 

3.1 Approach 1 and Approach 2 228 
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First of all, the grooves’ air volumes at the footprint region were modelled according to 229 

Approach 1, considering open-end boundary conditions at the outer terminations of the 230 

grooves. The resulting model is represented in Figure 7. It can be noticed that, to simplify 231 

the definition of the geometrical model, this investigation was performed using a 232 

rectangular footprint.  233 

 234 

Once the model setup was completed, the natural frequencies and the mode shapes were 235 

evaluated by solving the eigenvalue problem. The resulting modes were classified 236 

according to a (𝑛,𝑚) nomenclature, where 𝑛 stands for the number of the antinodes 237 

along the circumferential direction and 𝑚 for the mode number considering the 238 

antinodes along the lateral direction. In Figure 8, the modes with the lowest frequencies, 239 

representative of the whole family (1,𝑚), are shown. These modes are dominated 240 

according to the pressure variations at the circumferential grooves that, depending on 241 

the resonance considered, may resonate in-phase or out-of-phase with one another. This 242 

behaviour is due to the presence of the sipes, which couple the dynamic response of the 243 

circumferential grooves, causing a mutual influence. Due to this trend, the pressure fields 244 

inside the sipes may be characterised by progressive pressure transitions, as shown in 245 

detail in Figure 8. It is worth pointing out that, in real conditions, a cross-talk effect 246 

between circumferential grooves is also present due to the air volume that surrounds the 247 

footprint region. However, this effect is not included in this modelling approach. The 248 

results also show that the higher the variations along the lateral direction (i.e. the higher 249 
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the mode number 𝑚), the higher the natural frequency associated with the mode. This 250 

trend is justified by the acoustic wave equation: 251 

 −𝜔2𝑝̅ = c2 ∙ ∇2𝑝̅   with  𝑝(𝒙, 𝑡) = 𝑝̅(𝒙) ∙ 𝑒𝑗𝜔𝑡  (3) 

which states that, the higher the pressure gradient, the higher the frequency. To complete 252 

the discussion, it can be noticed that the lateral grooves show no particular dynamics in 253 

the frequency range of interest, except for providing a smooth transition from the 254 

pressure field inside the footprint region to the null pressure at the footprint boundary.  255 

 256 

Even though Approach 1 is useful for interpreting the trends of acoustic resonances, it is 257 

not suitable for quantitative evaluations. This limitation is due to the simplified boundary 258 

conditions that neglect the dynamics of the air outside the footprint region. In particular, 259 

imposing a null pressure as an open-end boundary condition leads to an overestimation 260 

of the natural frequencies.  261 

 262 

To avoid this issue, an acoustic model based on Approach 2 was defined. To be consistent 263 

with the previous analysis, the envelope of a deformed 225/55R17 tyre equipped with 264 

the same tread pattern was used. The deformed tyre geometry was extracted from the 265 

results of a structural simulation, considering a vertical load of 500 kg and the tyre pressed 266 

on a drum with a diameter of 2.5 m. It is worth mentioning that the resulting geometry 267 

and the simplified model share the same footprint length and width. In Figure 9, the tyre 268 

and the ground surfaces are represented. It can be noticed that the surface in contact 269 

with the ground is not present, as the air volume is delimited only by the grooves and the 270 
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tyre surface that is not in contact with the ground. To complete the model, an air volume 271 

that surrounds the whole tyre and the drum was defined.  272 

 273 

Then, the acoustic resonances were evaluated by solving the eigenvalue problem 274 

associated with the model. In this case, several additional acoustic resonances related to 275 

the air volume around the tyre were present. However, among these additional results, 276 

it was possible to identify the tread grooves’ acoustic resonances due to their peculiar 277 

mode shapes, characterised by localised high-pressure amplitudes in the footprint region. 278 

Referring to the modes’ nomenclature introduced previously, the results of the mode 279 

family (1,𝑚) are shown in Figure 10 as pressure maps evaluated at the tyre's outer 280 

surface (in the region highlighted in dark grey in Figure 9).  281 

 282 

The results show that the main characteristics of the pressure fields and the sequence of 283 

the mode shapes agree with the outcomes of Approach 1. However, focusing on the 284 

details of each pressure field, it can be noticed that Approach 2 estimates a non-null 285 

pressure at the circumferential grooves’ ends. In fact, in this case, the null pressure is 286 

present outside the footprint region, obtaining an acoustic wavelength longer than the 287 

geometrical length of the grooves. As a consequence, comparing the resonance 288 

frequencies against those for Approach 1, a significant reduction is present. The 289 

comparison also shows that the shift associated with each frequency is not constant, and 290 

modes at lower frequencies are influenced more (e.g. the frequency shift of the first mode 291 

is -602.4 Hz, whereas the second mode has a shift of -452.5 Hz). For the sake of 292 
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conciseness and clarity, the natural frequencies evaluated using all the modelling 293 

approaches discussed in this paper are reported in Table 2. 294 

 295 

 Even though Approach 2 is recommended for quantitative predictions due to the 296 

more physical description of the boundary conditions, it involves a higher level of 297 

complexity than Approach 1. In particular, more effort is required for defining a deformed 298 

treaded tyre geometry, as a structural simulation is needed to model the deformed tyre. 299 

This aspect limits the possibility of performing rapid changes to the tread pattern design 300 

and assessing the trends of the acoustic resonances. In addition, the acoustic model for 301 

Approach 2 is based on larger air volumes, causing higher computation times due to the 302 

higher number of degrees of freedom to be solved. In conclusion, taking into account the 303 

model setup and the computational efforts, Approach 2 does not exclude simplified 304 

approaches such as Approach 1, and should be considered as a complementary tool for 305 

the analysis of acoustic resonances. 306 

 307 

3.2 Approach 3a and Approach 3b 308 

The results of Approach 1 suggest that the pressure field at the footprint region changes 309 

only along the grooves’ axial directions. For this reason, to define simpler and faster 310 

models, an alternative approach based on mono-dimensional finite elements is described 311 

here.   312 

A mono-dimensional (1D) acoustic finite element consists of a segment of length 𝐿 that 313 

models the pressure field inside a duct of cross-section 𝐴, assuming that the pressure can 314 
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change only along the duct’s axial direction 𝑥. Below the cut-on frequency of cross-315 

sectional modes, duct acoustic resonances can be modelled with these elements. In this 316 

work, this pressure field is approximated using a cubic polynomial function: 317 

 𝑝(𝑥) =  𝑎𝑥3 + 𝑏𝑥2 + 𝑐𝑥 + 𝑑 with 𝑥 ∈ [0, 𝐿]. (4) 

This finite element is delimited by two nodes, each one characterised by a given pressure 318 

𝑝 and a pressure gradient 𝜕𝑝/𝜕𝑥, for a total of four degrees of freedom. By substituting 319 

the definition of the degrees of freedom in the cubic polynomial, it is possible to derive 320 

the analytical expression of the four shape functions associated with the activation of 321 

each degree of freedom. These steps are omitted here for the sake of brevity. Finally, by 322 

imposing that the pressure field inside the duct must be a solution of the acoustic wave 323 

equation, the mass and stiffness matrix of each element were found: 324 

 [𝑀] =
𝐴

𝑐2
 

[
 
 
 
 
 
 
 

13

35
𝐿

11

210
𝐿2

9

70
𝐿 −

13

420
𝐿2

11

210
𝐿2

1

105
𝐿3

13

420
𝐿2 −

1

140
𝐿3

9

70
𝐿

13

420
𝐿2

13

35
𝐿 −

11

210
𝐿2

−
13

420
𝐿2 −

1

140
𝐿3 −

11

210
𝐿2

1

105
𝐿3

]
 
 
 
 
 
 
 

 (5) 

 [𝐾] = 𝐴 

[
 
 
 
 
 
 
 

6

5
𝐿

1

10
−

6

5
𝐿

1

10
1

10

2

15
𝐿 −

1

10
−

1

30
𝐿

−
6

5
𝐿 −

1

10

6

5
𝐿 −

1

10
1

10
−

1

30
𝐿 −

1

10

2

15
𝐿 ]

 
 
 
 
 
 
 

 (6) 

This formulation was then implemented in a Matlab tool that models the tread grooves 325 

as a network of mono-dimensional finite elements. To define the model, the geometry of 326 
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each groove is reduced to its centreline and the cross-sectional area of each groove is 327 

stored in a dedicated table. The user also inputs whether specific grooves intersect with 328 

others. Then, the geometry is discretised to obtain a mesh of finite elements. At this point, 329 

the mass and the stiffness matrices of the whole network of grooves are evaluated, taking 330 

into account the connectivity of each element. Finally, boundary conditions are assigned 331 

at the grooves’ terminations. In particular, if the user specifies an open-end condition, a 332 

null pressure is imposed at the outer node of the groove. On the other hand, in the case 333 

of a closed-end boundary condition, the nodal degree of freedom related to the pressure 334 

gradient is constrained.  335 

This procedure was applied to the geometry investigated in the previous section. The 336 

resulting model is shown in Figure 11. In the representation, each finite element is 337 

coloured according to the imposed cross-sectional area. For this reason, all sipes are 338 

represented in green and lateral grooves in yellow, whereas circumferential grooves have 339 

different cross-sectional areas. The mesh nodes are represented using dots and, in the 340 

case of connected grooves, nodes are graphically connected using black lines. Open-end 341 

boundary conditions are represented as black triangles. At this stage, no end correction 342 

is applied, and this model is part of the Approach 3a class. 343 

Once definition of the model was completed, the acoustic modes were found by solving 344 

the eigenvalue problem. These results were compared against the modes evaluated 345 

through Approach 1. As expected, the two sets of results were in accordance, both in 346 

terms of mode shapes and natural frequencies. For the sake of brevity, the mode shapes 347 

comparison is not shown, whereas the natural frequencies of the (1,𝑚) modes family 348 
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were already reported in Table 2. Looking at the results, Approach 3a seems to be slightly 349 

stiffer than Approach 1. However, the maximum mismatch among the results is 350 

approximately 50 Hz, which can be considered as a minor aspect, given the significant 351 

overestimation that both models show if compared with Approach 2.  352 

 353 

To limit this overestimation of the natural frequencies, in Approach 3b an open-end 354 

boundary condition combined with end-corrections was implemented. The actual 355 

acoustic resonances are characterised by wavelengths that are longer than those 356 

estimated considering only the geometrical length of the circumferential grooves. For this 357 

reason, the end correction, being an additional fictitious acoustic length, may be added 358 

matching the real wavelengths to improve the results.  359 

In general, end corrections are frequency-dependent and change according to the 360 

geometry near the duct end. For tyre noise applications, they are influenced by the 361 

curvature of the tyre surface near the grooves’ terminations. In this work, to simplify their 362 

definition, two frequency-independent end corrections were derived, one for 363 

circumferential grooves and one for lateral grooves. This difference is justified by the 364 

different tyre curvature at the footprint inlet/outlet and regions. These end corrections 365 

were tuned using two detailed 3D models of a circumferential and a lateral groove carved 366 

in a 225/55R17 tyre loaded at 500 kg. For each model, the end correction ∆𝐿 was 367 

estimated from the resonance frequency 𝑓 using the formula: 368 

 
∆𝐿 =

1

2
(

𝑐

2𝑓
− 𝐿)  

(7) 
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which derives from the expression of the resonance frequency of a duct with a length 𝐿 369 

with two open ends. The outcome of the tuning was a circumferential groove end-370 

correction ∆𝐿𝑐  = 23 mm and a lateral one ∆𝐿𝑙  = 15 mm. These values agree with the 371 

range of possible end-corrections reported in [21].  372 

Once the implementation of the end corrections was completed, the model shown in 373 

Figure 11 was upgraded. The resulting modes and natural frequencies are represented in 374 

Figure 12. As expected, the inclusion of end corrections caused the mode shapes to have 375 

a non-null pressure at the grooves’ terminations, as the null pressure was imposed at an 376 

additional distance. Therefore, longer wavelengths were obtained, causing a significant 377 

reduction of the natural frequencies compared to the results of Approach 3a.  378 

 379 

Considering that Approach 3b aims to provide results as close as possible to those of 380 

Approach 2, a comparison between these two methods was carried out. Firstly, looking 381 

at the mode shapes, it was concluded that the pressure fields estimated by the two 382 

approaches were in accordance. Secondly, a comparison in terms of natural frequencies 383 

was carried out (see Table 2). The inclusion of the end correction improved the match 384 

between the detailed model and the simplified ones, obtaining a satisfactory agreement 385 

for the 𝑓1,2 and 𝑓1,3 frequencies. However, overestimation of the 𝑓1,1 frequency and 386 

underestimation of the 𝑓1,4 were also present. This aspect is related to the definition of 387 

constant end corrections, as each mode would require a dedicated end correction to 388 

match the correct natural frequency. However, this solution was considered unfeasible, 389 
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as it would significantly increase the model’s complexity and the tuning required, losing 390 

the benefits of using a simplified approach.  391 

 392 

4. CONCLUSIONS 393 

This work demonstrated the possibility of modelling the acoustic resonances of the tread 394 

grooves using the finite element technique, with increasing levels of complexity. Three 395 

modelling approaches were described, with differences in terms of modelled air volume, 396 

boundary conditions and procedures for defining the model’s geometry.  397 

These approaches agree in terms of estimated mode shapes. The analyses showed that, 398 

for the reference tread pattern, multiple pipe resonances are present due to the 399 

interaction between grooves, which generate modes with antinodes that can vibrate out-400 

of-phase along the lateral and circumferential directions. To generalise, mode shapes of 401 

tread patterns with circumferential grooves can be classified according to a (𝑛,𝑚) 402 

nomenclature, where 𝑛 and 𝑚 are the number of antinodes along the two directions. 403 

 The modelling approaches show differences in terms of predicted natural frequencies. 404 

The results of the simplified Approach 1 and Approach 3a, even though in accordance 405 

with one another, showed a significant overestimation of the natural frequencies 406 

compared to Approach 2. This aspect is related to the unmodelled effect of the air that 407 

surrounds the footprint region, which causes wavelengths longer than the geometrical 408 

footprint dimensions. For this reason, to better approximate the real wavelengths, end 409 

corrections were implemented within Approach 3b.  410 
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The analyses showed that a detailed model based on Approach 2 and a simplified one 411 

based on Approach 3b might be complementary tools for analysing acoustic resonances. 412 

The first approach can model the phenomenon with fewer assumptions but requires a 413 

more complex model setup and higher computational costs, limiting the possibility of 414 

performing rapid assessments. On the other hand, simplified approaches might represent 415 

an alternative for qualitative evaluations of the trends of acoustic resonances due to 416 

geometrical modifications. For this reason, Approach 3b is recommended at the initial 417 

stages of development of a new tread design, whereas detailed simulations based on 418 

Approach 2 are recommended at the later stages.  419 

 420 

To conclude, we wish to reiterate that the noise generated by a rolling tyre is the result 421 

of the combined effect of generation and amplification mechanisms, which are both 422 

influenced by the tread pattern geometry. For this reason, even though modelling of the 423 

grooves’ acoustic resonances is fundamental for analysing different design solutions, 424 

studying generation mechanisms is relevant too. Therefore, if the simulation aim is to 425 

predict the sound levels, models that integrate both mechanisms should be used. 426 

Nonetheless, the investigation of each single aspect of the phenomenon is still relevant. 427 

The analyses discussed in this paper are an investigation of a specific class of tread 428 

patterns, however many other geometrical features could have been studied. 429 

Nonetheless, the concepts described in this work are also applicable to the analysis of 430 

other geometries. In addition, it is worth pointing out that, when it comes to designing a 431 

tread pattern, several other performance factors must be guaranteed, such as dry and 432 
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wet handling, wear, hydroplaning, etc. Since the final design of a tread pattern is a 433 

compromise between these requirements, simulations of these phenomena are 434 

fundamental too, as they provide additional data and might help to reduce the number 435 

of physical prototypes. 436 

 437 
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NOMENCLATURE 448 

 449 

𝐴 Tread groove cross-sectional area 

𝑐 Sound speed 

𝑑 Tread groove equivalent diameter 

𝑓 Acoustic resonance frequency 

𝑓𝑐𝑢𝑡−𝑜𝑛 Cut-on frequency of cross-sectional modes 

𝐾 Stiffness matrix 

𝐿 Tread groove length 

𝑀 Mass matrix 

𝑝 Sound pressure 

Δ𝐿 End correction 

φ Acoustic mode shape 

𝜔 Circular frequency 𝜔 = 2𝜋𝑓 

 450 

  451 
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Figure Captions List 545 

 546 

Fig. 1 The geometrical model of a circumferential groove is shown on the left. 

The first and the second acoustic resonances are represented on the right. 

Fig. 2 Inclusion of the lateral grooves with open ends and their effect on the 

acoustic mode shapes and natural frequencies. 

Fig. 3 Effect of lateral grooves with closed ends (represented as black 

terminations) on the mode shapes and natural frequencies. 

Fig. 4 Effect of the lateral grooves' length on the resonance frequencies. On the 

left, the effect of open-end lateral grooves; on the right, closed-end 

grooves. Each marker represents a simulation result. 

Fig. 5 Effect of the number of lateral grooves on the resonance frequencies, 

considering open-end or closed-end lateral grooves. 

Fig. 6 Effect on the resonances of different positions of the lateral grooves, 

considering a progressive shift of fractions of a pitch dimension (25 mm 

for this model). 

Fig. 7 Model for investigating the acoustic resonances of a tread pattern based 

on Approach 1. 

Fig. 8 Modes with lowest frequencies, computed using Approach 1. These 

results are all part of the mode family (1,𝑚). A detail of the pressure 

variation inside a sipe is shown for the last resonance. 
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Fig. 9 The acoustic model based on Approach 2. The geometry of the deformed 

treaded tyre in contact with the drum is represented on the left. A detail 

of the footprint region is shown on the right. 

Fig. 10 Mode shapes and natural frequencies of the mode family (1,𝑚) evaluated 

using Approach 2. 

Fig. 11 In Approaches 3a and 3b, the footprint geometry is schematised as a 

network of mono-dimensional finite elements. Different colours are used 

to represent different cross-sectional areas.  

Fig. 12 Mode shapes and natural frequencies evaluated using Approach 3b.   

 547 

  548 
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 549 

Figure 1 The geometrical model of a circumferential groove is shown on the left. The first 550 

and the second acoustic resonances are represented on the right. 551 

  552 
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 553 

Figure 2 Inclusion of the lateral grooves with open ends and their effect on the acoustic 554 

mode shapes and natural frequencies.  555 

  556 



Journal of Vibration and Acoustics 

 

30 

 

 557 

Figure 3 Effect of lateral grooves with closed ends (represented as black terminations) on 558 

the mode shapes and natural frequencies. 559 

  560 
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 561 

Figure 4 Effect of the lateral grooves' length on the resonance frequencies. On the left, the 562 

effect of open-end lateral grooves; on the right, closed-end grooves. Each marker 563 

represents a simulation result. 564 

  565 
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 566 
Figure 5 Effect of the number of lateral grooves on the resonance frequencies, considering 567 

open-end or closed-end lateral grooves. 568 

  569 
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 570 

Figure 6 Effect on the resonances of different positions of the lateral grooves, considering 571 

a progressive shift of fractions of a pitch dimension (25 mm for this model). 572 

  573 
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 574 

Figure 7 Model for investigating the acoustic resonances of a tread pattern based on 575 

Approach 1. 576 

  577 
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  578 

Figure 8 Modes with lowest frequencies, computed using Approach 1. These results are 579 

all part of the mode family (1,𝑚). A detail of the pressure variation inside a sipe is shown 580 

for the last resonance. 581 

  582 
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 583 

Figure 9 The acoustic model based on Approach 2. The geometry of the deformed treaded 584 

tyre in contact with the drum is represented on the left. A detail of the footprint region is 585 

shown on the right. 586 

  587 
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 588 

Figure 10 Mode shapes and natural frequencies of the mode family (1,𝑚) evaluated 589 

using Approach 2.  590 
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 591 

Figure 11 In Approaches 3a and 3b, the footprint geometry is schematised as a network 592 

of mono-dimensional finite elements. Different colours are used to represent different 593 

cross-sectional areas.   594 
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 595 

Figure 12 Mode shapes and natural frequencies evaluated using Approach 3b.   596 

  597 
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Table Caption List 598 

 599 

Table 1 Definition of the modelling approaches discussed in this paper. 

Table 2 Comparison of natural frequencies evaluated using the modelling 

approach discussed in this paper. 

 600 

  601 
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Table 1 Definition of the modelling approaches discussed in this paper. 602 

Approach 

Features 

Modelled air volume Geometry definition 
End 

correction 

Approach 1 

Only the air inside the 

tread grooves at the 

footprint region 

Based on 3D geometries 

developed in CAD 

environment 

Not applied 

Approach 2 

Air surrounding the 

whole tyre and including 

all grooves 

Based on a 3D deformed 

tyre simulation (finite 

element structural analysis) 

Not required 

Approach 3a 

Only the air inside the 

tread grooves at the 

footprint region 

Based on a network of 

grooves’ centrelines with a 

given cross-sectional area 

Not applied 

Approach 3b As Approach 3a As Approach 3a Applied 

 603 

  604 
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Table 2 Comparison of natural frequencies evaluated using the modelling approach 605 

discussed in this paper. 606 

 𝒇𝟏,𝟏 𝒇𝟏,𝟐 𝒇𝟏,𝟑 𝒇𝟏,𝟒 

Approach 1 1549.6 Hz 1684.3 Hz 1841.3 Hz 1897.2 Hz 

Approach 2 947.2 Hz 1231.8 Hz 1442.4 Hz 1547.5 Hz 

Approach 3a 1594.3 Hz 1729.3 Hz 1891.9 Hz 1921.1 Hz 

Approach 3b 1151.4 Hz 1274.9 Hz 1399.6 Hz 1472.0 Hz 

 607 
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