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Effects on the Washboarding Phenomenon Based on the Size of
the Rotating Body Using a Discrete Element Method
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ABSTRACT

Washboarding is a crucial problem occurring on unpaved roads. This phenomenon involves the formation of
ripples on the surface of the unpaved road and causes a critical problem to vehicles and riders. The phenomenon is
affected by several parameters, but we focused on the velocity and the size of the rotating body. In the precedent
research, we observed that a critical velocity existed for the occurrence of the phenomenon, and the phenomenon’s
grade was related to the velocity. Therefore, this study, using a discrete element method, aimed to analyze the
relation between the velocity and the size of the rotating body for the occurrence of the phenomenon and perform a
fast Fourier transform (FFT) analysis to determine the correlation between the phenomenon and the period. The
study observed that the critical velocity could vary from the velocity and the size of the rotating body, and there
was a certain range of frequency for the occurrence of the Washboarding phenomenon.

Key Words : Washboarding(%r2| £ $14}), Critical Velocity(&! A% <), Rotating Body(2|X #), Discrete Element
Method(0| 2t A8)

.M B Folud A, Ri 5 YAE o] Fofx ERA

F2 A, Fig. 1914 & = 5ol =2 39

Washboarding @732 Washboard road & of B2 R o]l vehtes @doltil. gyt
Corrugation roadg} 1 B, H]E;Q_Eioﬂ/\-] I Al dgy Ze nEr|He] T4 F5EA e o
S 7o BAUE ed sholn. o wpe 1 WS Jlo) ohjel msgmee) sud
FHNAE Fr1Ao® wEr|Ho] AUrtE A4
Hoz gttty el dUcHY. Washboarding &

# Corresponding Author : pcello@kumoh.ac.kr <
Tel: +82-54-478-7377, Fax: +82-54-478-7377 Ao HEIAERE FYst= AHFY SASNA =

Copyright © The Korean Society of Manufacturing Process Engineers. This is an Open-Access article distributed under the terms of the Creative Commons Attribution-Noncommercial 3.0 License
(CC BY-NC 3.0 http://creativecommons.org/licenses/by-nc/3.0) which permits unrestricted non-commercial use, distribution, and reproduction in any medium, provided the original work is properly cited.

- 25 —



ot A E o] &3 AA Y A7) wE Washboarding @7doll et FTF 4 -

7| Al 7188k 2] A204A, ARE

Fig. 1 Washboarding road

Washboarding A& =714 717kt o] FE53%
UEdael| IR g3, A AAHoR W
o d= NLEEdE YolAgolele 2=
7F 19%, HIZZE=Z7} 81%Z2 RIEFEZ=Z9| H|&
O Fof oy & ZAo| Wol AHWstA =HAT, w|
T IZAZZI} 65%, HIEZFEZZT} 35%= A XA
2 HEE HEIAEZE A St Bl
Washboarding @72 =29 W 37Jo| s
47l olgoltil dde F
o

&2 Al

#A7F AE AFe @A Hof vo] IEH= AL
2 AT ERE @] BE 24 o
Zkeh HEshes Aol o] Bolojoh 22 U¥
Bk ofyzt siellM AHEEE A7|ek 22 FH
A vEd Fof FEolME yehdua d#A

o
Washboarding @4toll o8 daj& w=|staa o

o A A7elA e o

ot A AF

A4H PEE olgF AR gl AmHL gtk

Taberlet> 233 2D DEM 3|4 S &3 22 9=
A7t BAY £57F o= UAESE(Critical

Velocity, V)4l =4, Fde] £2 =k &
ol Yepdtta 3FHTHY. Srimahachota®

T, £=7t 3%, &3 FZo FFE FH, ¢
Fo] B2 A&} & oAM= dio] TAs=
AL HA3GTH. Bitbole] Aol ¢J3H AW
Aol Hxet AdS Ave 3AA FAV @
| & FFS T, AW 4= FH =

S FA F=oH® wEF [kedas vl Y
Holl AHE=E A7 o] T Aol
obd el EAlo osiME FAREE Aol TE
F7ketd @de] Hd=I, I A=V}

WS T3] A o]4k 2 AR (Discrete Element
Method, DEM)@} Th& A% g(Mulitbody Dynamics,
MBD)< ©]&3F A4 314E 33}, corrugaton
dele 11 g g2 ol & o EASi
g2 o= AT A $d o AAAY DAY
A 2 o]Far|ut gt
HEASIG T, gk B AFAE 9§ A

=
M Sk g ok AFENME AEY 3719 &=
of o3t e FHHA FT& BAEA @r] w
ol 2 dFAs A dFoAe £=949] #
AT HEo] Y shFolA HAEe] g2 I
AE B3 @49 A= dAol &g B3 A
TE olxtes¥ AR AZEY0|¢l EDEM

¥ T2 AR B AP e Mo

— 26 —



o
ofy
AN
I
AN
off

D AF7IATEEEE A A204, ARE

Fig. 2 Simulation set up for R1 model

Table 1 Properties of materials used in simulation

Rubber | Sand Steel

Poisson’s Ratio 0.47 0.25 0.25
Solids Density (kg/m®) 1300 2500 7850

Shear Modulus(Pa) let06 | let+08 | le+10
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Table 2 Model size of rotating body

R1
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Fig. 3 Averaged particle position according to size of rotating body
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Fig. 4 FFT results for averaged particle position according to velocity and size of rotating body

ol$E, WEY : BV AVEHE A A204, ASE
Particle type
= pr o) o) o)
w N — —
o
Magnitude m o
N o
= o w
o £ e
wn E -
=
= =4
= w
o
o
w o o
o
< = ° =
!—\
on
2
S S
o (=]
o wu o o
o o o
!\)
< o
o
o w w w
O o o o
= o o o
g S %) S > [=) [5) [=)
3 =] o o o
> '
~—— w
o
w w w w
o o o o
(=] o (=] (=]
—_ o (=2} o ~
o S
o o
o
—
F‘
(]
oo oo w
S S S
—_ o o
o o
o
o e,
§ a—
o 1
(]
oo
o
(=]
_O\
o

— 29 —




oJAta A S o] &3 A Z7])e W2 Washboarding

ad

;I AV S| A A204E, Al8E

~
o
~N

D
o
[o)]

50 5 j
40 ag
30 3 @
20 2 ;

iR
o
=

Frequency Angle Period (Hz or deg)

AFrequency
@®Angle period
ECritical velocity

0 0
0 50 100 150 200
Radius of Roational Body (mm)

Fig. 5 Relationship between radius and Frequency/
Angle period

3.1 FFT 24 &3
Fig. 3014 ol ZAY dAlS=oA e 2%
o A7)ek Aol7h BxA e A7)l whehbA W
=43 F7140] HQAF7) wEe] FusE
dadel Aot wEkA A =79
& AAAAA Qold AT BE AH 1
o T34l FFT(Fast Fourier Transform) +&4
WSt A=E oo FRe 24
) 7ol F7]|(Period)7} ZEE THHATH
BY Ave £9 3ozt A
b, 5 wess

RO

J.L,

nJ[o
o
O TRt RS o>4

HA, FJAA RIS H$ ?8*001 15m/s°ﬂ/<1 L]y
dglom, Aol 71 A2l 05msollAlE F
3k

FH+E e F Qe ARZ 7|7 Fu #?4_
stk dhEell, 1.5m/s o] 3ol 2.5m/s, 3.5misE2 4

7b VS AA Fd 913 9

AEZL /zfmm

g, EATE F77F BASA Gotbx WEEA A
222l Washboarding &7¢°] Ueld AL AT

gtk 5, R19 A% LsmisellAl 71 318k
WashboardlngO] WAt O o] %] &EAE
o] meFo] FUAWA EAT F77F floA
© As & F doh 7HE HEgEA JERG 1L5nvs
oMo FuLE 31.5681Hz, 4% F7)|= 17°=
LERS T
T HAE, 3|HA R1L5S A9 RIS LAS
1.5m/s7} A = Washboardmg Abo] HolX]
2.5m/so 4 Aol FEskA LAY Sl FFT
EESHA UERATH 2.5msol A @bl F
Uetd &, $57F S7MErE vto] BeF
FUA I, FFT &4 0AE F33 75 37
Yzt =g R137 HwEtH dAdo] dHs =
=7} 71tk Washboarding &80
& 25m/sollA FFT B4S &3 Fas
32.8834Hz, 2% F7)= 27°2 JERGTH
Al HAZ, ™A R2E 3)AA Ri1F Hlwstd
Wz Eo] 2y Solu} TR} A HEZHo)
Sy A o] FHo = Ak A
R29IME=  RL5SE AR 2.5m/sol A
Washboarding @-¢o] &g} A3 R1.59 o
2 He 57t FUkstAA] dde] viE %ﬁlﬁ 3]
AA a1 23)H 35misollA FAdo] B B
XJ I o] de] HEolA Aol %¥ﬂ6HX4
o] o H Y HTh weEkA, R2¢ dafiAE §
—EE— 2.5m/s7F obYEl 3.5msE AASAT
Sm/ise] o] F A= Aol AL BRI
11:7}—5 glst7] $fsked
gste] AT FFT
35m/sol A F9T) 34.398Hz, S FU)E 3602
LERS T
mpAuto 2 B AA R3E o
AA el A AALEE7} &

o xRl

ém

. 2 rlo ML Fe §2

X

4=
=

i

pu
o,

jricd 4)1

o
an
H A
RN
AT

= ==

3|

Fﬂéi

)

i,

A o] WA Fo] RIEG 38 F748ka, FU AZE
ol Azl 3 F Aolz2R QF R =g
ol faste] IALSE} el

=
o} 2.5m/s ©|3tol A= ﬁﬂﬂoﬂ o] BHAE R o
F A<l BF3 JeE .
ol mAE Fxo aﬁ_ fol A=A R FEls}
T}, 4.5m/sol A
5.5mys7h Al FE

o]

2 ™o
—{E
o
o
0?~
.
> g

P
o O
é

n‘.

I
e
=)

ret

— 30 -



o
ofy
AN
I
AN
off

D AF7IATEEEE A A204, ARE

AW, 45misoll A 55misRETE 2F O FESH
ol dx7] WEZN(F, T35 magnitude
2717 ¥ =27 &), ASEE 45ms=E A
AatAth Al 6.5misFEE Aol FUXA7] A
zZtsle] F719 A3 B40] ofHAH T dAL
ZoA e FFT £4 Asts Fa49 4= F717}
ZyZ} 26.8329Hz$} 60°°] T},

AAHo 2 B slAAe =77t s 2
RI(50mm)3} R1.5(75mm)2] 7$-olx & &do] W
gatA AR o]l BA FUAA Fa F
AHE 29 F3ko] wlmzx o & RIF
RL5AIAE ZH2F 15myset 25m/s2 & 719 &5
TFZrol ARk wEksit wkdel] 3 AA e =) &
R2(100mm)<} R3(150mm)= I AA 2 =277} =&
zdof ng] dAbo] THHY] ARSI 27 2
2, AAo] fXHE &£x9 o] A

4. 4 1}

3 AA S A7 E RI1F-H R37HA 3| Ae] A
717} &7V&4= Washboarding @4to] HdE+=
PAEE7 F7Mske AE Fig. 59 YERAASH
S AFEANA A £=7F A dASE
ool HH @4o] ¢ AT e A4 E o
Al Rk sl[dA el At SR SE
o] Hilste dALE Fe Ao H¥HoE F
ZFstth7E 150mmell Al ofgh 23hEE= AS Sl
T AUtk o] o] &xof tisiA EAE o
Yt 23} ARE A & F Ao, A
Aol &£xr Wl IEL F7
IHAE DolFe Wy FE2E
oJUA EHof 3 HA7F PFHRE o]
A

Brhsste] Agdold B

-
ol
-

= Ao e Mde ReFET A = 7=
F7l= 3AAY A7t AA= Aol wahA o
23} o] MPA o2 Z7beta T},

Angle Period =0.4297* Radius —5.2857 €))

o= FAA ] A7|7t AW YALEI A
I, dAEET AXE FAAI} o5 5 A
A7t AR weld AHHow Z71g Ao
Hlth

£ AFelAe Y 35y A a7 &
£ B3l Washboarding @/¢7te] FAAAE et
7] X
Pl A

1k

171 $13l olxte A E o]&sted Y F=x

Aol A7t £EE WHIAATIH AlE#H oA

< APt

. Washboarding @7Jo] ¥d= < IAELEE A
AL Z717F Vel wekA o] Friketh 1
g AR YAEEAAN FEEA LSt
A& Ze] HAFo|AX= Washboarding®] 37go]
FAHA X3t FUZ A2 EA g

2. 3| AA ] F717} #A-S4F Washboarding 3/
A5 F7)= A9 A¥gHo=m Frlsit

3. FRAAY At ARFE dASE
Washboarding &7d°] FUAA @il
TXko] At

4. I S do] THEHH, 59
o REXE Z7]d FA YIS A &

S A9 HellA et

Of

B

—

L

AN

A ol
fr

Jo

Mo

A}
o X

7

ot

“o] e FeFHistn g&dTul AU 9
st ATE S (2019-104-011).”

- 31 —



N

_]

;

ol as S o83 3

Ale] Z7]e] wE Washboarding &

of % G B

7| Al 7188k 2] A204A, ARE

REFERENCES

. Mays, D. C., Faybishenko, B. A., “Washboards
in unpaved highways as a complex dynamic
system,” Complexity, Vol. 5, No. 6, pp. 51-60,
2000.

. Matsuyama, C., Tanaka, Y., Sato, M., Shima, H.,
“Corrugation of an unpaved road surface under
vehicle weight,” Proceedings of the Royal Society
A, Vol. 476, Issue. 2241, 2020.

. Ubi, P, Udah, E., “Impact of Governance and

Road Infrastructure on Industrial Growth in
Nigeria,” Nigerian Journal of Economic and
Social Studies, Vol. 61, No. 1, pp. 123-154.

2019.

. U. S. Department
Highway Administration, “Unpaved Roads: Safety
Needs and Treatments,” Retrieved 26, Jan., 2021
from https://safety.fhwa.dot.gov/local rural/

of Transportation Federal

training/thwasa14094/.
. Mather, K. B., “Why do roads corrugate,?”
Scientific American, Vol. 208, No. 1, pp.

128-137, 1963.

. Taberlet, N., Morris, S. W., McElwaine, J. N,
“Washboard road: the
ripples formed by rolling wheels,” Physical
review letters, Vol. 99, No. 6, pp. 068003, 2007.
. SRIMAHACHOTA, T., “Experimental Study on
the Dynamics of Washboard Road on Various

dynamics of granular

Surface,” A Thesis for a Master, Hokkaido
University, Japan.

. Bitbol, A. F., Taberlet, N., Morris, S. W,
McElwaine, J. N., “Scaling and dynamics of

washboard roads,” Physical Review E, Vol. 79,
No, 6, pp. 061308, 2009.

. Ikeda, A., Kai, H., "Fundamental study on
spontaneous corrugation pattern on dry sand due
to moving vehicle,” MATEC Web of

Conferences. Vol. 258. EDP Sciences, 2019.

10. Yun, T. Y., Chung, T., Shin, H. S., “Numerical

Analysis of the Initiation and Development of

11.

— 32 —

Corrugation on a Gravel Road,” International
Journal of Highway Engineering, Vol. 20, No.
1, pp. 9~18, 2018.

Lee, S. J., Park, J.,, “A Numerical Analysis for
the Washboarding Phenomenon on the Top
Surface of Fine Powders Using the Discrete
Element Method,” Journal of the Korean Society
of Manufacturing Process Engineers, Vol. 19,
No. 4, pp93~98, 2020.





