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Abstract 
A finite element modeling technique is employed in this paper to predict the groove wander of 
longitudinal tread grooved tires. In generally, groove wander is the lateral force acting on a ve-
hicle’s wheel resulting from the combination of rain grooves. If the lateral force of tire is generated 
by groove wander, unexpected lateral motion of vehicle will happen and it makes drivers uncom-
fortable. This paper describes the effect of groove wander according to the shape condition of tire 
tread groove and highway groove using the finite element analysis based on a static loading or a 
steady-state rolling assumption. The road groove can be located anywhere relative to the longitu-
dinal tread groove. Therefore, the lateral force of the tire is changing depending on the location of 
the groove road. The numerical results for groove wander prediction of the longitudinal tread 
grooved tires are compared with the subjective evaluation. It is found that the waveform for the 
tire with varying grooved road position has a peak-to-peak lateral force in order to estimate the 
rating of groove wander. The effect of the road groove width and the pitch length on the peak-to- 
peak lateral force of tire is discussed. It is found that the prediction of FEA-based groove wander 
model using finite element analysis will be useful for the reliability design of the tire tread pattern 
design. 
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1. Introduction 
Groove wander is a lateral force acting on a vehicle’s wheel resulting from the combination of rain grooves and 
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contoured deformations in the road surface upon which the wheel runs [1]. The rain grooves greatly reduce wet 
traction accidents [2]. The car feels as if it is oscillating in the lateral direction [3]. It makes the driver nervous, 
and can lead to steering mistakes. The magnitude of groove wander is an indicator of quality to the driver and 
hence a concern to the tire manufacturer [4] [5].  

Tarpinian and Culp [2] observed that the number of coincidences between the tire tread pattern spacing and 
the rain groove spacing correlated with the driver’s subjective rating of groove wander. Their model assumes 
that the edges of tread elements become interlocked with rain grooves until the increasing lateral stress asso-
ciated with normal lateral motion of the vehicle caused a sudden release, giving an impulsive effect. The same 
basic idea of tread/road groove interaction was applied to motorcycle tires by Doi and Ikeda [6], but without 
taking coincidences into account. It works acceptably for tires with longitudinal grooves, but doesn’t work well 
for block patterns, curvilinear patterns, or zigzag tread patterns [1] [7]. Tire companies had to depend on road 
tests to design treads to minimize groove wander.  

As reported by Peters [1], an indoor test designed to replace road testing led to the suggestion by test engi-
neers at Smithers Scientific Services that the real source of groove wander was simple modulation of the lateral 
stress field in the footprint of the rolling tire because small lateral movements made the stress field oscillate in a 
repeatable fashion each time the lateral motion of the car took it across a groove spacing. He applied finite ele-
ment analysis to the stress field for tires with a variety of tread patterns and predicted that the lateral force 
waveform would look like the one portrayed. This waveform is quite similar to the one obtained from the indoor 
experiments. Nakajima [7] applied the same concept used in Peter [1]’s work and obtained an excellent correla-
tion to subjective ratings by drivers. He shows subjective ratings of groove wander by the test driver as a func-
tion of the computed peak-to-peak amplitude of the lateral force waveform resulting from tire interaction with 
longitudinal groove in the pavement. Although finite element analysis can provide detailed information about 
tire deformation, stress-strain, temperature distribution, and rolling resistance, tire designers still find it difficult 
to establish relationships between tire performance and its parameters. To the authors’ knowledge, no parametric 
study for groove wander analysis has been reported in the open literature.  

This paper is to estimate the effect of the tire tread groove on the groove wander in the different grooved 
highways using the finite element analysis based on a static loading or a steady-state rolling assumption. The 
road groove as shown in Figure 1 can be located anywhere relative to the tread element. Therefore, the lateral 
force of the tire is changing depending on the location of the grooved road. It is found that the waveform for the 
tire with varying grooved road position has a peak-to-peak lateral force in order to estimate the rating of groove 
wander. The effect of the road groove width and the pitch length on the peak-to-peak lateral force of tire is dis-
cussed. The results of finite element analysis on the groove wander of 3-D smooth tire with the longitudinal 
groove are compared the subjective experimental data for three rain groove profiles. 

 

 
Figure 1. The rain grooved road.                                                   
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2. Finite Element Modeling 
2.1. Tire Model  
A tire usually consists of several rubber components, each of which is designed to contribute to some particular 
factors for tire performance in addition to several cords and rubber composites. These components play a role in 
maintaining the stiffness and strength required in a tire. Figure 2 shows the general structure of a radial tire used 
in automobile, where the roles of tire components are well described in a book by Clark [8]. The material com-
position of most tires is distinguished largely into the fiber-reinforced rubber (FRR) parts and the remaining 
pure rubber part. The FRR parts of the tire model considered here are composed of a single-ply polyester carcass, 
tow steel belt layers, and several steel bead cords. Since the FRR parts are in the highly complex structure, their 
material models are chosen based on the goal of the numerical simulation. In the static tire analysis, those parts 
are usually modeled using solid elements like rebar elements [9] [10], and which does not make too much 
trouble in aspect of CPU time. However, in the dynamic tire analysis this full modeling requires extremely long 
CPU time, so the FRR parts are modeled as either composite membrane or composite shell. In the current study, 
two belt layers in underlying rubber matrix and a carcass layer shield with innerliner are modeled using rebar 
elements. On the other hand, steel cords and underlying rubber matrix in the bead region are modeled as homo-
genized solid.  

Rubbers except for the FRR parts are modeled by the penalized first-order Mooney-Rivlin model [8] [9] in 
which the strain density function is defined by 

( ) ( ) ( ) ( )2
1 2 3 10 1 01 2 3

1, , ; 3 3 1W J J J K C J C J J
K

= − + − + −                  (1) 

where iJ  are the invariants of the Green-Lagrangian strain tensor and 10C  and 01C  are the rubber material 
constants determined from the experiment. On the other hand, K  is a sort of penalty parameter controlling the 
rubber incompressibility. The shear modulus τ  and the bulk modulus κ  of rubber are related as  
( )10 012 C C τ+ =  and 2K κ= , from which one can easily obtain the following relation for Poisson’s relation: 

( ) ( )10 01 10 013 4 2 3 2 2K C C K C Cν    = + − + +    . It is clear that the incompressibility of rubber is asymptoti- 

cally enforced as the penalty parameter approaches infinity, but the choice of K  near 100 is usually recom-
mended for the stable transient dynamic response with the reasonable time step size. 

Rebar is used to define the layer of uniaxial reinforcement in a membrane, a shell and the surface elements. 
The layer is treated as a smeared layer with a constant thickness equal to the area of each reinforcing bar divided  

 

 
Figure 2. Structure of automobile radial tire.                           
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by the reinforcing bar spacing. Since the angle and spacing of fiber reinforcements are changed during manu-
facturing process, angle and spacing of rebar at each location in a tire should be determined using the following 
lift equations. Assuming the deformation during manufacturing process in purely due to pantographic action, the 
angle and spacing of rebar in the cured tire can be obtained by 

( )
1 cos sincos ,

1 sin
r r
r r

β ββ α α
ε β

−  ′ ′ ′  ′= =   ′ +   
                          (2) 

where α , β , r  and ε  are spacing, angle, radius and elongation factor of fiber reinforcements after lift. 
And α′ , β ′  and r′  are spacing, angle and radius of them on a tire building drum. 

Figure 3(a) shows a two-dimensional finite element model generated by solid-modeling program, in which 
4-node quadrilateral and 3-node triangular elements are used. The three-dimensional finite element model as 
shown in Figure 3(b) is generated by rotating the two-dimensional cross section of a finite element through a 
360˚ and is defined the unequal angular increments. In order to obtain the more accurate result of finite element 
analysis, the 3-D tire model contains very small segments (2.0 deg.) at the contact part as shown in Figure 3(b). 

2.2. Road Design 
Figure 4 shows the rain groove profile. Longitudinal grooves are ground into highways to improve wet traction 
performance. For example, most major freeways around Los Angles, California are grooved. Although rain 
groove profile and spacing in road pavements are not standardized, the design is chosen by the State of Califor-
nia with width 3.2 mm, height 3.2 mm, and pitch length 19.1 mm. In order to obtain the effect of rain groove 
profiles on the groove wandering, we chose the various road profiles. 

3. Groove Wander Analysis 
3.1. Subjective Evaluation 
In order to measure the subjective rating of groove wander, an HMC MD Avante car is used in this paper. Field 
measurements of vehicle wander are carried out on a 40 km highway between Songtan and North Jincheon 
(Pyeongtaek and Eumseong highway) in South Korea. One expert driver took part in the subjective evaluation 
exercise with over 10 years. Table 1 is three road profiles along the specific highway section. Subjective test is 
repeated three times at the velocity of 80 km/h. A tire with a size of P205/55R16 is used for the test of vehicle  

 

    
(a)                                    (b) 

Figure 3. Finite element modeling of P215/45R17 tire. (a) 2-D model; (b) 3-D model.           
 

 
Figure 4. The rain groove profile.                                                     
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Table 1. Road profiles at the highway.                                                                            

Road interval A-B B-C C-D 

Width 10 mm 4 mm 4 mm 

Pitch length 50 mm 20 mm 22 mm 

Distance 150 m 800 m 3550 m 

 
wander. During testing the roadway was dry and free of major debris. Some smaller debris such as sand was 
present, but was deemed to be normal and did not interfere with testing. The roadway was free of potholes and 
major cracking. There was very minimal wind observed throughout testing. The subjective evaluation is divided 
into four levels depending on the effect of the groove wander. The first level does not cause the groove wander. 
Level 2 or 3 is the degree of specialist cognitive or public recognition. The fourth level is a very large groove 
wandering occurring. 

3.2. Validation of Finite Element Analysis 
In order to validate FEA-based groove wander model, the same set of eleven tires tested at the highway are 
checked with the model. Figure 5 shows interaction between tread pattern grooves and pavement grooves. As 
the tire moves laterally in the direction shown, its outside groove G1 is the first to be trapped by a road surface. 
As the tire continues to move laterally by a distance Y, further trappings will occur at distances. Tire is moved 
by a pitch length to the lateral direction. In this paper, tire is moved 30 times regardless to the pitch length. Fig-
ure 6 shows the result of the lateral force waveform using FEA-based groove wander model. The waveform for 
this case of four grooves with varying grooved road position has a peak-to-peak lateral force of 40.0 N predicted. 
Every element within a tire footprint would experience this effect on a grooved road, therefore much larger lat-
eral force variations could be generated as contributions from individual tread elements are combined. As these 
lateral force increase, vehicle lateral accelerations increase, leading to drivers and passengers feeling groove 
wander. 

The correlation between prediction and measurement is shown in Figure 7. The horizontal axis is the pre-
dicted peak-to-peak lateral force, and on the vertical axis is the subjective rating based on the 4-point scale. 
Figure 7 shows an increase correlation between the predicted peak-to-peak lateral force and the measured sub-
jective rating with an R2 of 0.78. The FEA-based groove wander model can be used as a pass-or-fail screening 
tool for the tire tread designs related to width, number, and position of the longitudinal groove. The mesh size of 
the tire model is an important consideration, because it influences the accuracy of the results as well as the 
computational time for solving the problem. In order to verify the accuracy of the finite element analysis of the 
groove wander analysis, we determined the mesh size with about 4.0 mm of the finite element modeling of the 
tire presented in this paper by trial and error. 

4. The Effect of Rain Groove Profiles 
In order to analyze the effect of the specific road profile on the groove wander, we calculated the lateral force 
generated by the interaction between tread pattern grooves and pavement grooves. The lateral force of the tire is 
changed according to the position of each road surface groove. One or more waveforms are displayed differently 
based on the pavement groove position in the pitch length of the road surface. We analyzed the effect of the rain 
groove profiles according to the design of the longitudinal groove intervals and a road surface of a tire tread 
groove pattern using the calculated peak-to-peak lateral force. 

4.1. Specific Road Profiles 
The tires used in this paper are P215/45R17 with four longitudinal groove and P165/60R14 with three longitu-
dinal grooves in circumferential direction as shown in Figure 8. Figure 9 shows the finite element modeling 
with three or four longitudinal grooves of passenger car tires. The internal pressure and vertical loading are 32 
psi, 450 kgf in P215/45R17 and 33 psi, 350 kgf in P165/60R14. A coefficient of friction, 0.8, is applied to tire/ 
ground contact surface for the contact loading. And, frictional coefficient between tire bead area and rim is 0.3. 
The finite element program ABAQUS/Standard [9] is employed for the analysis. 
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Figure 5. Interaction between tread pattern grooves and pavement grooves.                         

 

 
Figure 6. Lateral force waveform.                                                    

 

 
Figure 7. Correlation of FEA-based groove wander model to subjective rating.                

 
The width and the pitch length on the specific road pavement of Korea (#A-#F) and Los Angles (#LA) are 

classified as Table 2. We analyzed the effect of road profiles on the groove wander by calculating the peak-to- 
peak lateral force on each road surface. The footprint pressure distributions with respect to several road profiles 
obtained by the finite element analysis are represented in Figure 10. Figure 11 shows the lateral force wave-
form generated in the various road designs with the width and the pitch length. The each pitch length in the lat-
eral position is divided into at intervals of thirty. We can obtain thirty lateral forces with respect to one road 
groove profile. It is shown that the lateral force generates one or more waveforms with respect to the width and 
the pitch length of road design.  
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(a)                                           (b) 

Figure 8. Passenger car tires. (a) P215/45R17; (b) P165/60R14.                                           
 

    
(a)                              (b) 

Figure 9. Finite element models of passenger car tires. (a) P215/45R17; (b) P165/60R14.                        
 

 
(a)                                           (b) 

Figure 10. Footprint pressure distributions. (a) P215/45R17; (b) P165/60R14.                                   
 

 
(a)                                           (b) 

Figure 11. Lateral force waveform with respect to road profiles. (a) P215/45R17; (b) P165/60R14.                 
 

Table 2. Road design with respect to width and pitch length (unit: mm).                                                   

Road #A #B #C #D #E #F #LA 
Width 4 4 6 9 9 9 3.2 

Pitch length 24 30 40 43 50 60 19.1 
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Figure 12 shows the peak-to-peak lateral force with respect to road profile. It is shown that the peak-to-peak 
lateral force of Korea road profile is larger than that of the LA road profile. Therefore, Korea road profile is rel-
atively harsh than LA road profile. It is found that ranking of peak-to-peak lateral force of the tire on the rela-
tively small width of the road surface groove can be changed according to tire size or the number of the tread 
pattern groove. However, the change of the pitch length with the width, 9 mm, is similar with respect to the tire 
size. It is shown that when the pitch length is increased, the peak-to-peak lateral force decreases. 

4.2. Parametric Study 
In the previous Section 4.1, we found that the peak-to-peak lateral force increases as the width of the road 
groove increases. In order to analyze the effect of the road groove width and the pitch length on the groove 
wander, we determined the road designs as shown in Table 3. The peak-to-peak lateral force is found for each 
different the width and the pitch length.  

Figure 13 shows the lateral force waveform with respect to each road design. The peak-to-peak lateral force 
with respect to each road design is shown in Figure 14. The peak-to-peak lateral force decreases as the pitch 
length with the constant groove width increases. The peak-to-peak lateral force increases as the groove width 
increases.  

In order to analyze the effect of vehicle speed on the groove wander, a steady-state transport scheme is ap-
plied for rolling analysis, and different vehicle speed. As with well-known procedures for axisymmetric tires 
[11]-[15], the procedure uses a mixed Eulerian/Lagrangian kinematic described in an Eulerian manner and rela-
tive deformation is described in a Lagrangian manner. Figure 15 shows peak-to-peak lateral force with respect 
to the vehicle speeds and the road groove designs. It is shown that the peak-to-peak lateral force increases as the 
vehicle speed increases. And, the peak-to-peak lateral force decreases as the pitch length increases. The results 
predicted here agree with the previous results in [16]. 

 

 
(a)                                                          (b) 

Figure 12. Peak-to-peak lateral force with respect to road profile. (a) P215/45R17; (b) P165/60R14.                   
 

 
Figure 13. Lateral force waveform with respect to road design.                                                
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Figure 14. Peak-to-peak lateral force.                                                                                

 

 
Figure 15. Peak-to-peak lateral force with respect to speed.                                                            

 
Table 3. Road design with respect to width and pitch length (unit: mm).                                                  

Road #a #b #c #d #e #f 

Width 4 4 6 6 9 9 

Pitch length 30 50 30 50 30 50 

5. Conclusion 
The finite element modeling technique is employed for the calculation of the peak-to-peak lateral force to pre-
dict the effect of the rain groove profiles on the groove wander, based on the static loading analysis or the 
steady-state rolling analysis. The road groove can be located anywhere relative to the tread element. Therefore, 
the lateral force of the tire is changing depending on the location of the road groove. The effect of the change of 
the rain groove profiles on the groove wander is analyzed. And also, the effect of the road groove width and the 
pitch length on the peak-to-peak lateral force of tire is discussed. It is found that the effect of the groove width 
of the road is larger than that of the pitch length. Therefore, this study will be useful for the tire tread design to 
minimize groove wander. 
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