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Introduction 
 

Washboarding is the spontaneous formation of transverse 

ripple on dirt road. It is usually found on unpaved heavy-

traffic road under dry weather condition. Driving over 

washboard road may increase risk of traffic accident since 

ripples reduce the contact area of the wheel to the road. 

Mitigating washboard road has long been a challenge for the 

road maintenance [1]. In addition, spontaneous formation of 

ripple pattern similar to washboarding can be found on other 

physical system; for examples, rail corrugation [2, 3], sand 

dune [4], lubricated disks [5], and periodic ripples on snow 

covered road [6]. 

 The mechanism of washboarding was first studied in 1962 

by Mather [7], and he concluded that it caused by the 

bouncing motion of the wheel excided by random 

perturbation on road surface. Recent studies have shown that 

washboard road can be formed using rolling wheel [8] and 

inclined plowed dragged on a granular surface [9, 10]. 

Washboarding can be described by theoretical models which 

determine the effect of lift and drag forces to the time 

variation of surface geometry. 

 In this study, requisite conditions for the washboarding 

were examined. We have studied role of velocity and the 

oscillation’s frequency to the characteristic of surface 

corrugation. Furthermore, we tried to reproduce 

washboarding on various surface material including dry sand, 

moisture sand, artificial snow and real snow. 

 

Experimental setup 

 

Experimental apparatus consists of a self-rotating track, the 

seesaw-shaped oscillator, and the laser rangefinder as shown 

in fig. 1a. The rotating track has 50 cm in diameter and can 

rotate at the speed, 𝑣, up to 20.0 round per minute (rpm) which 

is equivalent to 0.5 m/s. The track was specially designed to 

experiment in very cold temperature and be able to receive 

high moisture material.  

 A seesaw-shaped oscillator made of 3D printed ABS 

plastic (Acrylonitrile butadiene styrene) with the spring and 

counterweight as shown in fig. 1b. Top attachment is attached 

at the front end, and it can be changed to any shape. The 

natural frequency of oscillator designated by 𝑓, can be 

regulated by changing counterweight. The time variation of 

the height of sand surface was probed by laser range finder at 

the frequency of 100 Hz with 1 𝜇m accuracy. 

 Before launching the experiment, sand surface was 

flattening so that the thickness is 3 cm uniformly over the 

entire track length with ±2 mm precision. Next, we rotate the 

track at 3.0 rpm for 2 min to stabilize the sand layer and  

 

 
Fig. 1. Schematic illustration of the experimental apparatus. 

(a) top view of the self-rotating track showing several ripples 

formed on the track. (b) diagram of the seesaw-shaped 

oscillator. 

 

measure original height of the surface. Then we place the 

oscillator to touch gently on the flat surface. The oscillator is 

in the balance of force so that almost no compression force 

exerts to the surface. Again, height of sand surface was 

measured for another 2 min. Once the preparation was 

completed we then quickly raise the rotation velocity to the 

desire value and record the time variation in height of the sand 

surface for 7 min. After several 7-min experiment, sand layer 

was loosened to prevent compaction effect. 

 

Data analysis 
 

Output data from the experiment is in the form of the time 

variation of the height of surface, ℎ(𝑡). We then decomposed 

this height into spectrum of amplitude and frequency using 

Fast Fourier Transform (FFT) technique. The primary peak in 

this FFT spectrum allows us to determine characteristic of the 

corrugation such as predominant frequency of the corrugated 

surface, wavelength, 𝜆, and wavenumber, 𝑛.  

 In the experiment, 𝑣 and 𝑓 were varied to study the 

characteristic of the corrugation. Usually, 𝑣  is ranging from 

6.0 rpm to19.5 rpm, and we are setting the counterweight so 

that 𝑓equals 1.36, 1.46 or 1.66 Hz. However, these two 

physical parameters may change with different experimental 

condition and surface material. 

 It should be noted that 𝑓 was measured by applying free 

vibration to the oscillator and measured vertical oscillation 

position at the top attachment. By performing FFT analysis, 𝑓 

can be calculated from the primary peak position of the 

spectrum. 
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Washboarding on dry sand  
 

We have investigated role of two mechanical parameters to 

the development of corrugation on sand surface. Toyoura 

silica sand (JIS R 5201) with particle size of 0.2 ± 0.1 mm 

was used as a surface material.  Table 1 showing events of the 

corrugation on sand surface for various setting of those two 

mechanical parameters: the rotation velocity of the track 

(from 6.0 rpm to 19.5 rpm) and the natural frequency of 

oscillator (from 1.36, 1.46 and 1.66 Hz). 

 

Occurrence rate of corrugation 

 

From the experiment, velocity seems to control occurrence 

rate of the corrugation. Results reveal three phases of the 

incidence including no-corrugation phase where no 

corrugation was observed, crossover phase (grey area) where 

both non-corrugation and corrugation were observed, and the 

corrugation phase where surface corrugation always present. 

Surface corrugation is likely to occur with the faster velocity 

applied. This velocity dependence is corresponding to 

previous works of using plow and wheel [6, 8]. 

 The crossover range is dependent on choice of 𝑓. Across 

the crossover range, occurrence rate drastically changes from 

that in the low-incidence phase (at 6.0 rpm or slower) to high-

incidence rate (at 9.0 or faster). This range become wider with 

the increasing in  𝑓. 

 It should be noted that non-corrugation event can be 

observed and the surface become flat along the 7-min rotation 

even though high velocity was applied. This possibly due to 

the stochastic infinitesimally small imperfection on flat 

surface is not enough to trigger sustain corrugation. 

Table 1. Occurrence chart of the sand surface corrugation. 

Three trials were performed for each setting of two 

mechanical parameters. The digit in “Yes” indicates that 

corrugation was observed during 7-min rotation, and “No” 

indicates that no corrugation was observed. 

 

Velocity-induced changes in profile 
 

An interesting observation in our experiment was that the 

maximum height of ripples was systemically dependent on 𝑣,  

 

 Natural frequency (Hz) 

Velocity 1.36 1.46 1.66 

(rpm) Yes No Yes No Yes No 

6.0  3  3  3 

7.5 1 2  3  3 

9.0 3  1 2 1 2 

10.5 3  1 2 2 1 

12.0 3  1 2 2 1 

13.5 3  1 2 2 1 

15.0 2 1 3  3  

16.5 3  2 1 2 1 

18.0 3  3  3  

19.5 3  3  3  

meaning that the faster the track rotates; the higher ripple 

grows. From fig. 2, all data points seem to collapse into the 

equation expressed by the fitting curve 

 ℎ(𝑣) = ℎ∗ln (𝑣/𝑣∗)      

where ℎ∗ = 18.25 𝑚𝑚 and 𝑣∗ = 5.88 𝑟𝑝𝑚. The inset in fig. 

2 gives a semi-logarithm of the same data in fig. 2, and it has 

good agreement with the fitting curve. 

 

 
Fig. 2. Maximum height of the ripple that form during 7-min 

rotation. Data points indicates mean value of the maximum 

ripple height from the “corrugation” event 

 

 Figure 3 shows the number of ripple, 𝑛, that formed on 

the surface after 7-min rotation. We picked up the time-series 

data of the height of sand surface at very end of the 

experiment; we then converted the data into FFT spectrum 

and detect the primary peak frequency. This primary peak 

gives us the characteristic wavelength that dominate 

corrugation profile. 

 It can be seen from fig. 3 that 𝑛 decreases gradually with 

𝑣. Faster rotation rate causing both larger amplitude and 

longer wavelength of the ripple. Data seems to obay an 

inversely proportional relation described by 𝑛 = 𝑐/𝑣. Where 

𝑐 is the constant according to 𝑓. 

 

 
Fig. 3. Number of ripple presented on the track after the 

experiment. Legend “F” represents the state that ripple is 

moving forward direction, and “S” means ripples are 

stationary during the experiment. 
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Change in wavenumber and the surface frequency 
 

Once ripples are formed on the sand surface, their amplitude 

and lateral position can shift intermittently due to the repeat 

collision with top attachment. Consequently, ripple amplitude 

and wavelength can alter with time. It follows from fig. 4 that 

the corrugation pattern grows and either move forward or 

become stationary. 

 

 
Fig. 4. Contour plots showing the time development of the 

corrugation at (a) 𝑣 = 12.0 rpm and (b) 𝑣 = 15.0 rpm. The 

color strip expresses the height of sand surface in mm. 

 

 As the corrugation developed, early-state corrugation 

often falls into a so-called transient state in which the 

oscillation motion become regularity and the ripple are 

merging each other causing 𝑛 to be decreased. The decreasing 

in wavenumber can slow the growth of ripple or even cause a 

sudden drop in the ripple height as seen in fig. 5. 

 
Fig. 5. Plot shows changes in ripple height according to the 

wavenumber at  𝑣 = 15.0 rpm and 𝑓 = 1.66 Hz. Height of 

the ripple indicates by  and the wavenumber 𝑛 indicates 

by .  
 

 Merging event in the transient state causes changes in 

surface frequency as well as wavenumber. It can be seen from 

fig. 6 that the primary peak frequency is shifted to the lower 

frequency after encountering transient state; therefore, 

wavenumber is reduced. 

 
Washboarding on artificial snow  
 
Artificial snow was used to simulate washboarding because it 

has similar physical characteristic with the real snow, and it is 

widely used both ski resort and scientific studies. Both 

experiment at room temperature and in cold room were 

performed to study their physical behavior to washboarding. 

 Characteristics of artificial snow were studied to find 

suitable mix proportion and temperature range for the 

experimental condition. Surface temperature, surface 

characteristic and particle size were observed and compared 

with different temperature. It was found that suitable mix was 

at 1:50 as specified from the manufacturer and the 

temperature just below the freezing point are appropriate 

condition for the experiment.  

 By doing several experiments with the self-rotating track, 

it was found that corrugation only developed at the room 

temperature. The corrugation dynamics express similar 

behavior as in dry sand such as velocity dependence of the 

height of ripple and the transient state, but the large 

deformation was observed. However, we cannot  

observe any washboard development at the temperature below 

freezing point since snow surface is too hard for the 

deformation. 

 
Fig. 6. Surface frequency spectrum obtained from the 

corrugated surface. v and f are set as same as those in Fig. 4(b). 

 

Washboarding on real snow  
 
Real snow was used to simulate the corrugation on snow-

covered road. Series of experiments were conducted in the 

cold room with the temperature range between 1.0 to -2 ℃ and 

𝑓 = 1.66 Hz. Three types of snow were used which are icy 

snow, dry powder snow, and moisture snow. We prepared 

moisture snow by mixing dry snow with cold water. 

 As a result, we found that characteristic of snow as well as 

compaction during surface preparation play important role in 

the development of the corrugation. Unfortunately, no 

washboarding was observed when using icy snow because 

particle size is too large and the bonding between particle are 

too weak to form up the ripple.  

 When changing surface material to dry snow, a few ripples 

developed on the surface but not spread all over the track; in 

addition, no primary peak was detected from the frequency 

spectrum. One possible explanation is that the formation of 

small ripple (with the amplitude within 1-2 mm) occurs during 

when snow is still fresh and deformable and stops when show 

is frozen up.   

 Interesting phenomenon found when applying moisture 

snow is that the corrugation gradually developed as the snow 

melted, and the corrugation pattern is similar to those in 

a) b) 
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artificial snow at room temperature (i.e. wedge-shaped ripple 

with large deformation of the surface).  

 

Washboarding on moisture sand  
 
We performed the self-rotating track experiment using 

moisture sand with various moisture content. Two types of top 

attachment were used to study the effect of attachment shape 

to the occurrence rate of corrugation as well as ripple pattern. 

The track was run at each setting for 7 minutes similar to the 

dry sand. 

 Results express similar behavior to those in dry sand that 

is the corrugation rate is dependent on rotation velocity, 𝑣. 

Higher velocity having higher possibility to have 

washboarding as shown in Table.2.  

 

Table 2. Event of corrugation on the moisture sand according 

to three parameters: top attachment shape, velocity, and water 

content. The legend “Yes” indicates that corrugation is 

formed on the track and “No” indicates the no washboarding 

event. 𝑓 used here is 1.46 Hz. 
Attachment Circular Triangular 

Moisture 

content (% vol.) 

35.6 67.3 Over 

Sat.1 

12.2 40.8 68.7 Over 

Sat.1 

Velocity (rpm)  

8.0  No  No No Yes No 

12.0 No Yes2 No No No Yes Yes 

15.0 No Yes2 No Yes No Yes Yes 
1 Water layer appears on the sand surface. 
2 A few ripples appear on the track but not spread all over the entire 

track length. No surface frequency was detected.  

 

 Appropriate moisture content is required for the formation 

of ripple. Washboarding was observed frequently when apply 

around 70% of moisture content; however, ripple pattern is 

different. Ripples formed on sand that has 70% moisture 

content are similar to those in artificial snow and moisture 

snow while ripples form with over saturated sand are similar 

to those in dry sand as shown in fig. 7.  

 Shape of top attachment plays significant role to the 

formation of washboard road. It is obvious that washboarding 

event increase significantly when using triangular shaped 

attachment. 

 

  
Fig. 7. Ripple pattern formed on the moisture sand with(a) 

68.7% moisture content and (b) over saturated sand after 7-

minutes rotation. 

 

   

 

 

Conclusions 
 
A study on the development of washboard road on dry 

granular sand revealed that velocity is the main factor 

governing for the formation of ripple and its dynamics 

behavior. Also, stochastic effect of infinitesimal undulation 

on flat surface should be enough to trigger sustain and large-

amplitude corrugation. The corrugation will encounter 

transient state where ripples are merged causing shifting in 

surface primary frequency and the reduction of wavenumber. 

 Changing surface material have relevant effect to the 

ripple pattern. Dry sand and over saturated sand are having 

similar corrugation pattern. Both upward and downward 

deformation on the surface was observed on sand while only  

 

downward deformation was observed in artificial snow and 

real snow. Changing moisture content of the sand could 

change corrugation pattern or even prevent washboarding. In 

addition, temperature and surface stiffness also affect to the 

formation of ripple in artificial snow and real snow. 

 Results from this study provide us more understanding on 

the dynamics behavior of the washboard roads on various 

material, and also give us the data inventory for further 

research. For instant, controlling moisture on sand surface 

might prevent washboarding. We also get closer to the 

formation mechanism of snow corrugation that is the ripple 

may have formed during the thawing period and grows during 

the frozen state. In all case, velocity, repeating passage, and 

deformability of surface layer are the key for the 

washboarding. 
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