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Generation of Road Surface Profiles with a Power Spectral Density Function
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ABSTRACT

To analyze ride quality and to predict durability in vehicle dynamies, it is essential to describe a

road surface profile precisely. This paper presents a technique to generate road surface profiles in

a spatial domain by using a power spectral density function. A single track power spectral density

function is porposed to describe a road surface profile, which is also applicable for multi-track ve-

hicle response analysis. The derived road surfaces are compared to ISO(International Organization
for Standardization) standards and classifications porposed by the MIRA(Motor Industry
Research Association). The methodology in this paper is also proposed to generate road roughness

description with a limited external data. A small amount of external curve data is combined with

an internal PSD function to generate road surface roughness in a spatial domain.

Fg7]&89 : PSD(Power Spectral Density), Road Surface Roughness, Vehicle Dynamics

.M

eEE el Feke Ae] FALT 54
& =9 A7) o) we} 4 Aol v}
AW A7 B4 SR F250) neislel
& Aotk A& BY T theloAle]
= 71 o8 A o RFd AGE w2
b wAE F 3, rAE B2ede PE

* 39, BatdEn o ghq)
** 59, RLag st Z)A TR, NAZEETF 42

T 3 A YA 4ee A, g&d
Aol EAHE =W AFY], F xWFA
AEZ3 A Fog o] Al we 72
o2 27 ZEAE 71 dgel =17t 2A
7] 2ol At Fopo] fHANM =AY
4 Holels Fa3 FAZ 9.

=R 717 Elo]olsl MAWAE Filo
AA e AgE). o)H{ xR NP L 7 (g
AxoA >=RAIFe] FFX, FABA (Auto-
correlation) ¢} #=7te] AFZAHAA (Cross-
correlation) & £3& A2 4 9t} & &7



HYLEHFE ol 48 =

o =9 ARE BF AANIE 44 don
2, JEHQ] B FFY =HET RYUS A3}
o =HE {5 gloh

XAA A7) B{Fr|EL 1SO(International
Organization for Standardization) 71$& %9]
Alg-sla 9lew, MIRA(Motor Industry Rese-
arch Association) #F$ A4g+z BApE
AHUEFTFE A3l HAISEZ|E fcp)-2d
g, olgj g kHe EFEE A FolE
= AAT, A B A @ x=He E5
Yao] Folals e+ SEBU wehi 2 a7
M E olF =¥ EF WA AAE 71YE
AMg-Ble] algke] AlgH oMol AP AEE
Ae FAGH ] =¥ dejetd BAstedch
Add =ddolelE 7IEe WEE vngo
2 A e e AFsiadh

2. Zgt SYY YN

21 M™ETats

WAL Fo 57 BF4elnz, ol g
el =d s $48l" g8nche £43 A3g
7 22 8832 FYdhs o] Al #
EUr2 o2 B3 UL FHE=H s @
d dlelete] 718 SA4E AR-E vhg 22 4
7HA wo] F2 AMGHEGR. (1) HEATE
(root mean square value), (2) BEATTS
(probability density function), (3) =}7]AlE
Al (autocorrelation function), (4) RHAE§
“*(power spectral density function).

kel A G4 (isotropic) W,
Y& (homogeneous) kol 7}Ho] To]
Rl zch. #9U3 dgxdol 3t e o5
#Agle] BAH Hgo] dAT Ag vy,
TR wRiold AEe] HA da FAA7L
g AL ouidicl. T =9 e
Dodds”el] ol8 & 4% ol B #8%
d7Ee] A KO0, AR AA] w9
B4& Fude ueisies 24389 $94A &
W U2 A RAE 5 Q7] dE

94 A0 B@ A7 137

o #YE ko= AT ¥ 4 olete}
28 4 e @A S fEHA.

el PA4e A3 FedAe Fre
FAEA, ¥do] HA @ =WEA} 7|5E
A BEAE ole¥ T Y AR Ld BAME
a Qlch xWe g AdEYHoZ FAYY,
W] AH7]E M A 7ie]r] Huk=
Aglel it FIHE spFe)r] & kAt
Azt F3t4 {(eycle/s] Bk 353 (spa-
tial frequency) X cycle/m]z Helse Zeo)
S48 FANFAe 2 FU AL 9
o] Et}E HHo|n, wEoe] [,,9] ol
o|FA =W #Ade] AEE AHYx(Power
Spectral Density )& AMS-8te] EA|&1A x}ake]
xe yAgle] AR FEE = Ud. A
ol & 717 i"FaerE 4 (1)3 2o A
%o A&z} A o] (wavelength)e] g
2 3% 5 Ao

f(Hz)=2[cycle/m]-V[m/s]
1

zl_m_.v (D

=HALE AYYL2 AT & A A
Ysgsd 98 2 54 Ao+ Uk F
AYARNA 2 Fat47) e BEelag

C Agdd wAuge XNY 4 dg. AF Z,

o8 Ao} (wavelength) [, & 7}R= 3L % 2,
()& 93 g

2 (x) =2, sin( 2;” ) =7, sinQux (2)

2
1N 9= 2AES A T Fos

wn

(circular spatial frequency)

o] BIEA TG =i

z—nz:_l-f‘w”[z,.sin( zn):lzdx (3)

llll“ 0 lW’I
Z2

2




138 AR o4

B2 ol dslE FaE JPAle o diE
Z} Fappd] i AHYEdeE T FA
FHez HAT 5 Ad. FIg nQNA 9 2
2 409X B wike] AHLYEESFE S(n)
2t 79 oga 2L WAE 48 Uk

2

s<ng.,mg=z?"=zz (4)

gepd, ol 4ae WAYERSE thed ol
EAEEY

Z"Z _ Z_nz

Sl = 0~ 10

(5)

greb 7t YW dige] Faeg 7K Q)
thE o] AR AHAEHSF S(ny) = A43Y
A= gs S(7 € + Ad. RE Far
WHe Fo AL FAFHL FF 2(x)
o] BRI gorg, vl pe oz
Y 4 olch

7= fo S(Q) de : (6)
7t Fa Q-0 dET) o] BAgl= o
W =ae goed AU LRume

I F3 WM B BRAYARZ FA
9, ol o] WAl st 2ok

. a
Y fg S(2) d@ %)

CERECRES R CL RSB T
I LELEAERESY

za-0=J5(2) 42 ®
o714 Q‘.zﬁ-—g&o]:ﬂ_, A0=0—2F 9
o] g}

ageg AZo| JFAFL zE 7M1 30

+ 00 FEwe) Yez wWe] WHNL g
s o A3 P

z(x)=JZ z sin 27Q(x—¢) (9

J2 z2 A%, 29 ¢ A7 FFuee
A dE o)t

getA 22 xol A k1] gele F
ol st ztzte] golg =5 A4E o o)
& dedoz dild 2 ¢ Yo

2(x) = é}lﬁz sin 27Q{(x—¢) (10)

22 LYo 2R/

T 2RI RYs hde AFHUE{S
2 vep=d oA o] Yejy Agdeds
& AHE & Avh x5 A i 9fd 7}
A Fo5- o] F2 0.5Hz~25Hz ¥elzin
7HR 8, Appel FA4T HWE 2.5m/s(%km
/h)~50m/s(180km/h) = A ztsid, x=me] =
} F3= 0.01 cycle/m~10 cycle/m& 7}A
v} wetA] =AFse] JdEEUEE o] F7EN
T HHHl N F&3A AT 5 AT,

xAE ERe e 78 gFhadd
Al R7HA] hge] AAEHAG. # Qe A
2% g AMEsld mEAAYE AGSEAA
HEH714) 8z EfFshs 1509 7/ 718
& F2 AM-SAT £ IS0 JEe 2AHe
M He] FHe s R AU EFT
MIRA ¥/} A5, aeln 2435y 3§
B2 gAY AYURFLE AFREleE i)
FAE + J=F dHu. dYAxy AyYs
& Ueie §5¥dcs A5ds 2 oy
8ol guz ¥AE 5 U o) d Ay
Aedsel gy g¢x274A #5471 Hed, o
€ FNFGF7 ARLE AAAQ ChiA e =2
71 & AF9 A7]7} FopA = A& &)

2.2.1 180 71&

Fig.1:& IS0 2ls) Alhd =] BFE
eldc}. ISO EHdA R dbAndgds S(Q)



AYUEYFE o8 =WBA A4 B8 A+

11
109
10y
10 "1
0 ";

PSD{ ol fc/m)

102y
0 "-|

10 'y

10 ‘;

y

!

0.(‘)\ a1

1

<

Spatial Frequency(c/m)

Fig.1 Classification of road surface rough-

ness by 1SO

o&a 2.

S(Q)=S(.Qo)(

- N‘
) for

R Q= L cycles/m
2r

Table 1 Classification of Road Roughness Proposed by ISOY: ¥
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o} F-1FF Q Alele] @A77} FigldlA Be
A o] Y41a) = (log-log scale)dfA =@
o Ad7) Axd Hald Az e HHez &
#5o] Fg o & Ak AL Heog HAF

= AW A%
=¥ 2§ S(2y), 10~ [ i /eycles/m] N, N,
H3 4 718k8Hd B
A(Very Good) <8 4 2.0 1.5
B(Good) 8—32 16 2.0 1.5
C(Average) 32—128 64 2.0 1.5
D(Poor) 128—-512 256 2.0 1.5
E(Very Poor) 512—2048 1024 2.0 1.5
F 2048—8192 4096 2.0 1.5
G 8192—32768 16384 2.0 1.5
H >>32768 2.0 15
Table 2 Classification of roads based on road spectra presented by MIRA?
3 Adr] A= N, N:
= 2F S(Qy), 10~ i /cycles/m] Ha ot
IR 718188 HF (ZEHA) | (2FHEAD
Very Good 2—8 4 1.945 1.360
ARER Good 8—32 16 (0.464) (0.221)
Very Good 2-8 4 2.050 1.440
Jnss Good 832 16 (0.487) (0.266)
Average 32—128 64
Poor 128—-512 256
Average 32--128 64 2.280 - 1.428
v ¥#4=2{ Poor 128--512 256 (0.634) (0.263)
Very Poor 512—2048 1064
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Table 3 Values of C,, and N for Power Spectral Density Functions for Various Surfaces®

SREF N Co | C
S(Q) : [m¥cycles/m] | S(2) : [ft¥/cycles/f1]
Smooth runway 3.8 4.3%107" 1.6x10™"
Rough runway 2.1 8.1x10°¢ 2.3x10°°
Smooth highway 2.1 4.8x1077 1.2x10"¢
Highway with gravel 2.1 44%x10°°% 1.1x10°°
Pasture 1.6 3.0x107* 1.6x1073
Plowed field 1.6 6.5x10" 3.4x10"

S(Q)=S(Qu)(—g—)'"z for @>0,  (11)

ISO 71EAME =9 AF7] AEE S(L)
o a2} AFgFdA HFE717] etz B/3)
w, o]& Table 19| HA|s}gct Table 2%
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F1EE AX s

2.2.2 AF¥y ¥ejo] PSD ¢

EHAYA7E A 2 FAIE, 4
(12) e} v,
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Fig.2 Relationships between 150 classifica-
tion and road classification by exponen-
tial PSD function

212, smooth highway= ISO %2 A~B %
gl 24 A&8& ¢ # Arh Rough runway
¢} Highway with gravel2 Az oz SO £
72 C~D FJdl Tela ZxA9 MNH= 2
€ =9 71 $4) g2 249 E~G S8
AA &g ¢ Utk
oldte] ALdxre] FAMPY o), v
43} o] £ Y2 AP IR Ao
3= A4 = Arhy
S(8)

S(Q)=m (13)



VHLEE4E o8¢ =8g Y A4d a8 A7 141

3. cHEYe 4y

3.1 el Aauby

o AN AFH WYL= P5E AMR-EPE o
W =9 g Aeld i@ FAHWEe] A
d7]e] ez EA" 7 U B dFdME,
AFUEFE o83l F4e =HIALE
A48 £ A= T2IaPEE gsdok wEiA
T2 AHERZE 2t 718 A AREAIR] =
o] A&7 &Y Q) T =W ERWEE
YA AA Fde] WP HolEE 9
F xE sgnt. el AdNPLE g 2
on] AA AP Z2aYde £4EE Fig.3d|
FA 5

step 1) ARE-AI7 S(2) T =W 2/

H R s g
step 2) 4] (8)) 2elaf z A4
step 3) 4] (10)o) &f&f z(x) A4
4 (10)¢] AAdelA HAXE o
7} e By o Hael #xF
WHErE TAAA 283t
2753471 0.1[cycle/m] w|7H1 w4

= $23Rde wal =@ Fao] AEiA Es}
o=, #4249 <@gl vy AL 0.1[cy-
cles/m] o]4e] Fupy ol disiM F=
FAsge. sy, AR 0.1[cycles/m]
ulgte] Fuppe) of ¢ =AY ALE Ads P4l
=AML A xHe s AR 7 USRS 1Y
th.
TR 24 (11), (12), (13)o2 HAE 5=
£ AEUETS ool o] Helz Helslr)
olglg 4E2Q =He] 4 B AU
4F Fddolelyt JYsriste wHE +AHAY
F UEF TIPS AU F AYEU=
o @& 2% dlofetit ity Fold Fulsy
8} oA)e = =HEGE 74" 5 AR
sk ol¥ A e qAE AFdhed F
2% w9 dlolelrt A dolele) 47}
Fojete WEHoz AYRIHE ALESle 3
A dojet ApUF AR E WSS
TS Bl o] WL R 2=
(Belgian Road) & w=w 33 24390
A (Fig.10)ol A 413 dE-sidet. 0.1~10
[cycles/m] &34 th9e] »=dd) tiafja] ISO
71589 wat AdAq HEg72] AE7) Axs

ROAD MODULE MAIN

METHOD=1 2

3 4

S(N)=7"
Froq_atrart =7
Freq_and =7
AF=7

S(ﬂ,?:?

Fraq_siron =7
Freg_end =7
AF=7

[Gaussion Dlstribunonl

External
PSD Dota

/Exfernal FSD Data Reud/

P35D

Road Type =

Freq_sirori =7

Fraq_end=7,
AfF=7 R
Interpolation

|£alculate PSDl |Calculote i’SD]

[Culculufe PSDl .

Generation of Road Profile in Spotial Domain -

Fig.3 Flow chart of road generation program



142 L TR

S(2)8) BEeEe Aol el wAg T4
et T8 Zzte] xde] dale] AT
48 713o2 ABWA Y x| Pty BEs
A=e) xWe TR & AES Ak

32 MME - Y AHE

TS e ALSsle Bk e A s
don, 7|E¢ =@ HE FESS & 47
edAde FEsh

Fig.4 (a), (b)= ISO EFo) sl =He
AA7) Azt obF & WYY =22 A
TE HFeg AHREded Aol FEA A
T =W g Ak AYYUEE 7L
le-g &g 4+ o). Figd (e)o A AT

©.003 4 ’
0.002
0001 |
) 1
0.000 4 i ‘
=0.001 |
«0.002 ]
=0.003
T v T
20.0 300 400 5

0.0 100

o

Road Roughness{m}

0.0

Longitudinal Distance(m)

(a) Determined road surface roughness in a
spatial domain(mean amp.: —4.15x1077,
Standard deviation ; 1.264 x107%)

PSD(nt/c/m)}

Spatial Frequency(c/m)

(b) PSD of road surface roughness

F71 0.210] H=2 JAAAE -8 Figd
(a)s} B9 Z=a5 dodxn YA E 7HKe
=H8 FAE age|t). Figd (d)= Fig4 (a)
2} Figd (¢) Alele] AZAAAAE FAIF 2
Holth. AEdeAlre go]l deo2 AATE
5 diolgte] A@TAE AR, o] 1ydA
B2 Figd ()& 10mm Ax o|FAA Fig4
(a)9] 2718 dAAAZH FRAF7E A
0.2 =7t H& & 4 Sk

Fig.5¢} Fig.6& ISO &4 Co E 579
HERE o sjo] B TP A
AL Fag dgoa B 1ol gE€H F
d&A Cet E 5359 F4s wevln A+
§ #A" + Ut} Fig.7~Fig9+ MIRA ##

0.004

0.003

0.002

0.001

=0.001

Road Roughnessi{m)
g

=0.002

—0.003 -

-0.004 r r
0.0 10.0 200 300 400 50.0

Longitudinal Distance(m)

(¢) Determined road surface roughness with
different phase delay
(cross—correlation coefficient is 0.21)

0.4

0.5

Cross-correlalion

0.0 10.0 20.0 0.0 w00 . 800

Longitudinal Distance Lag.(m)

(d) Cross-correlation between (a) and (c¢)

Fig4 “A” grade road description in ISO dassification



AHYEGFE o] 48 =T A4dd A& A7 43

PSD{nl/c/m)

T T T v
0.01 Q. 1 10

Spatial Frequency(c/m)

Fig5 Road description of grade “C” in ISO
classification

PSD{ i /c/m)

Spatial Frequency(c/m)

Fig.6 Road description of grade “E” in 1SO
classification

10y

"
107y
—tg
um 1
aey
—10 "
%vo"‘
=8

1079

10 'y
1

-
10‘

0.61

Spﬂlio«;l Frequency‘ (c/m)
Fig.7 “Motorways” road description in MIRA

oA 2&ERZ(Good)2l YW= (Average)
ozl v ERZ (Poor)dlHe] S(Q)e #Hazt
&z} AMREle B =2 aPola] FAF kW

PSD(ni/c/m)

|0"1

07y

=
L T T T T 1
0.01 2 1 10

Spatial Frequency{c/m)

Fig.8 “Principal roads” road description in
MIRA ‘

PSD{nl/c/m)

Spatial Frequency(c/m)

Fig.9 “Minor roads” road description in MIRA

& T F4ddA B ageld. IS0 2F9)e
Aol AME AFAle N N7t Abgtel
ohlet 4zt Haw FEUAE VIRl ATEE
& "= ¥fehs Holoh uaiy B AR
T F3g gHdre] 7)E dolelg A=
YA FAFELE VIR E dETFE B4
7 Fol72 Py} FEHANE il dege
T8t AMg-sh

Fig.10(a)x #F AHU= dolelE AlE-3}
o ARt Wzd2 =g ®A)3 ao|r, o2
FHF el ¥ Figl0(b)9) 1ye de
& olt} Fig.10(b)¢llA] B9 Inpute|g} FAIF
9% JHAojete} Resultzh FAIF Alakg
@] F3kg el Me] 2o A dXsln
ALE & F Uk wEA P42 FAS) o



14 A%

0.06

0.04

.02

a.:

-0.02 4

Road Roughness(m)

to=0.04 1

-0.08
[+X

) 100 200 30.0 agey 50.0

Longitudinal Distance(m)

(a) “Belgian” road in a spatial domain(mean
amp. . —4.790x107% Standard devia-
tion : 2.030x10°%)

"1 - - RESWLT
E — nRT
10 7'y
% 0 "!
T 107
B
a’ 10 "‘!
7] %
. 10 'y
1079
1071
10~y
O,Ull T O,y| 1-‘ "V 16
Spatial Frequency(c/m)
(b) “Belgian” road frequency domain
Fig.10 “Belgian” road surface decription

using external curve

#¢ PSD e} /NSRd 2D ¢+ Avie
5 o2¥H el dolgE A4 4 U&
& FAYTh HEE Y Holee AgE
ol do|EhE AR Hrh FEE i)
=Y ale L2y YRges Auz
e gl AR AS0E WERoz 44
AR H xWE FAHYT.

4. 3 £

£ drdMe 718 AAE 2R =3

Ad7) EFE AENL I =BFLE A
sk W dis dratden, o|25E o
ojd &L g .
1) T98 Agdol oM QFAQ FIHAA
o] kA oled AAdste WwHE A7A
Al sttt
2) AMgERE 4 FstaidelAe PSD @&
YHA7IA oo ME cAH olElE A4
¢ AES s
3) At LRRF 71EE AHEE AL
A7} 4A »=AE& FHE 7 A=F AA
o0, 4EF AEe] x¥ vejehs 4E
FRATE 7N1ELR T F UEF &
piia )

g2 i

Mo

1. 1SO/TC108/SC2/WG4 N57, Reporting Ve-
hicle Road Surface Irregularities, 1982.

2. C. J. Dodds and J. D. Robson, “The De-
scription of Road Surface Roughness”, J.
of Sound and Vibration, Vol. 31, No. 2, pp.
175~183, 1973.

3. I. Y. Wong, “Theory of Ground Vehicles”,
John Wiley & Sons, 2nd Edition, 1993.

4. Y. M. Pevzner and A. A. Tikhonov, “Spa-
tial Description of the Micro-Profile of Au-
tomotive Roads”, Automobil'naya Promy-
shienmost, Vol. 30, No. 1, pp. 9~14, 1964,

5. J. 5. Bendat and A. G. Piersol, “Random
Data . Analysis and Measurement Proce-
dures”, John Wiley & Sons, New York,
1986. ,

6. A. N. Heath, “Modelling and Simulation of
Road Roughness”, Proceedings of 1lth
TIAVSD Symp. The Dynamics of Vehicles
on Roads and on Tracks, pp. 275~284,
August 21~25, 1989.

7. A. N. Heath,“Application of the Isotropic
Road Roughness Assumption”, J. of Sound
and Vibration, Vol. 115, No. 1, pp. 131~



FHUEYTE 04T =AY 44d 22 47 145

144, 1987. 30, 1991.

8. Dieter Ammon, “Problems in Road Surface 9, Thomas D. Gillespie, “Fundamentals of Ve-
Modelling”, Proceedings of 12th IAVSD hicle Dynamics”, Society of Automotive
Symp. The Dynamics of Vehicles on Roads Engineers, 1992.

and on Tracks, pp. 28~41, August 26~



