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Abstract: In order to describe pavement roughness more
intuitively and effectively, a method of pavement roughness
simulation, 1i.e., the stochastic sinusoidal wave, is introduced.
The method is based on the primary idea that pavement
roughness is denoted as the sum of numerous sines or cosines
with stochastic phases, and uses the discrete spectrum to
approach the target stochastic process. It is a discrete numerical
method used to simulate pavement roughness. According to a
given pavement power spectral density ( PSD) coefficient,
under the condition that the character of displacement frequency
based on the time domain model is in accordance with the given
pavement surface spectrum, the pavement roughness is
optimized to stochastic equivalent vibrations by computer
simulation, and the curves that describe pavement roughness
under each grade are obtained. The results show that the
stochastic sinusoidal wave is suitable for simulation of measured
pavement surface spectra based on the time domain model. The
method of the stochastic sinusoidal wave is important to the
research on vehicle ride comfort due to its rigorous mathematical
derivation, extensive application range and intuitive simulation
curve. Finally, a roughness index defined as the nominal
roughness index (NRI) is introduced, and it has correlation with
the PSD coefficient.
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he measurement methods have shown that pavement
T roughness can be modeled to the stochastic field.
Pavement roughness varies not only in amplitude but also in
frequency at different road sections. Neither the three-meter
ruler nor the international roughness index (IRI) can directly
describe the stochastic variations of pavement roughness.
The statistical model in the stochastic vibration theory can
describe comprehensive performance of pavement roughness
better''™'.

In electronic engineering, the power spectral density
(PSD) is used to describe the distribution of electric power
in frequency bands. In road and vehicle engineering, PSD
roughness is primarily used to evaluate vehicle response,
suspension optimization and control, dynamic pavement
loading, and energy consumption””'. As an intuitive repre-
sentation method, PSD roughness can describe the variations
of pavement roughness more explicitly than the IRI. Re-
cently, PSD roughness has been proposed to replace the
IRI" ™. In general cases, some assumptions will be put for-
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ward when PSD roughness is applied to structure the sto-
chastic statistical model. Pavement roughness is regarded as
conforming to stationarity assumptions of the vibration-
source stochastic field, which is a zero mean Gaussian iso-
tropic random field in the spatial domain and is a normal
stationary ergodic random process in the time domain™’.
For many years, researchers have proposed various pave-
ment roughness models based on either time domain or spa-
tial domain with their respective advantages and disadvanta-
ges. Among them, the method of the stochastic sinusoidal
wave is based on the idea of making the discrete spectrum
approach the target stochastic process and it is a discrete nu-
merical method used to simulate pavement roughness. So,
this method can be used to simulate the stationarity stochas-
tic process with any sharp spectrum density.

1 Stochastic Process and Its Relevant Concepts
1.1 Stochastic process and stochastic vibration

In nature, there are two kinds of variation processes: One
is a deterministic process which can be described with a de-
terministic function; the other is not deterministic and can-
not be described with a deterministic function. This kind of
variation process is called a stochastic process.

Stochastic vibration is defined as a dynamic response
caused by stochastic excitation. In structural dynamics, the
excitation is called load. In many engineering examples,
excitations are uncertain. For instance, when a car is run-
ning on the road, the excitation transmitted from pavement
to vehicle is not a deterministic excitation.

1.2 Stationarity stochastic process

In practice, we often encounter a kind of stochastic
process such as water stochastic flows with their amplitudes
and vibration characteristics almost invariant. Such a
process is called a stationarity stochastic process, or station-
arity process for short.

Generally, the stochastic process in the dynamic system is
not stationarity at first, i. e., the so-called transition
process. When this process disappears and becomes station-
ary, it can be regarded as a stationarity stochastic process.

The stationarity stochastic process has some characteristics
in numerical properties:

1) The mathematical expectation of the
process is a constant;

2) The variance is also a constant, unchanging over time;

3) The auto-correlation function is just related to a single
variable.

stationarity

1.3 Ergodicity

As we know, the statistical characteristics of the stationar-
ity process are independent of the selection of the time ori-
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gin. A sample function of the stochastic process can repre-
sent the whole stochastic process when the length of record-
ing time is enough. So, the average value of any sample
function in the whole timeline can displace the ensemble av-
erage. It is proved that when some conditions are met, a
stochastic process possesses the characteristic of so-called er-
godicity.

It can be verified theoretically whether a process is ergod-
ic. But the verification is difficult. So far as we know,
most of the stochastic processes in engineering are ergodic.
For instance, the sample which comes from pavement longi-
tudinal profile height data is usually a stationarity stochastic
sample with the characteristic of ergodicity.

2 Pavement Roughness and PSD Roughness
2.1 Pavement roughness

Pavement roughness is an important index which is used
to evaluate the quality of pavement. Pavement roughness is
related to driving comfort and safety, and it is a comprehen-
sive index related with people, vehicles and roads. The
American Society of Testing Materials ( ASTM) defines
pavement roughness as that the traveled surface roughness is
the vertical deviation of the pavement surface relative to the
ideal plane. This deviation will affect vehicle dynamic char-
acteristics, driving quality, dynamic load and drainage'"” .
Three roughness evaluation indices: ruler maximum clear-
ance h, roughness standard deviation ¢ and the IRI are giv-
en in Ref. "

Because pavement roughness is a non-physical quantity
and the definition of this quantity is related to the measure-
ment method, different results come out due to different
definitions or different measurement methods. At present,
the common measurement methods are section type, reac-
tion type and subjective evaluation type.

2.2 Description of PSD roughness

For a stochastic process, its sample function usually does
not satisfy the absolutely integrable condition of the Fourier
transform. So, a stochastic process cannot be directly used
with a Fourier transform. The usual method is used to re-
search the PSD roughness and now it becomes a practical
and effective method.

Pavement roughness is not a function of time frequency or
angular frequency, but it is a power spectral density based
on spatial frequency. When the variable of the time domain
is time, the time domain has a unit of s. When the variable
is road length, i.e., the so-called spatial domain, the spa-
tial domain has a unit of m. The frequency of the time vari-
able is represented as f with the unit of Hz, while the fre-
quency of the length variable is represented as n with the u-
nit of m~".

The spatial frequency 7 is the reciprocal of the pavement
surface spatial wavelength A; i.e. A =1/n. The relation-
ship among spatial frequency, time frequency and angular
frequency is such that

L

_w
v 27y

(1)

where w represents the angular frequency, and v is the
speed.

It is indicated by many measurements that pavement rough-
ness ¢ is a zero mean Gaussian isotropic random field in the
spatial domain, which is regarded as meeting the assumptions
of the vibration source stochastic field and it becomes a nor-
mal stationary ergodic random process in the time domain.
According to the Wienner-Khintchine theory, the following
forms constitute a couple of the Fourier transform:

Sem = | : R.(X) e ™™ dX (22)

R,(X) = j S,(n) > dn (2b)

where X represents the distance of two points along the
pavement; S,(n) is the PSD roughness; n represents the
spatial frequency. R,(X) is the spatial auto-correlation func-
tion and is defined as

R.(X) =E[&(x)&(x+X)] (3)

where E[-] represents the expectation of a stochastic process
that can be estimated from

E[E(2)] = lim ] ¢(x)dx (4)

If a stochastic process which describes pavement rough-
ness is £(1), PSD roughness S,(f), the function of time fre-
quency f, is described by

S.(f) = f R(1)e " ds (5)

where ¢ represents the time lag, and R, () is the temporal
auto-correlation function.

As w =2mf, PSD roughness S,(w), the function of angu-
lar frequency w, is described by

Si(w) = (2m) j R,(1)e ™ di (6)
and S,(f) =2mS,(w).

Assume that a vehicle moves along a pavement of length
X at constant speed v. The relationship of length and speed
is X =vt, where 1 is the time. Based on Eq. (1), we obtain

1

v

01 - [ {2

VL) = s o

v v
And the relationship among S,(n), Sg(f) and S(w) is

S,(n) = vsf(f) = 2mS,(w) (8)

2.3 Classification of PSD

The file ISO/TC108/SC2N67 put forward by the Interna-
tional Organization for Standardization and the Representa-
tive Model of the Vehicle Vibration—the Plainness of the
Road Surface (GB 7031—1986)""" drafted by Changchun
Vehicle Institute all suggest that the pavement power spectral
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density G,(n) should be described by

-m
n )
n,

where n represents the spatial frequency, which is the recip-

rocal of the spatial wavelength A; n, is the referenced spatial
1

frequency, i.e. n, =0.1 m™; Gf(no) is the PSD coeffi-

Gy(n) = cf(no)( (9)

cient with the unit of m*>/m~'; m is the frequency index. In
this paper, the value of m is 2.

The two files mentioned above state that pavement rough-
ness can be classified into eight classes according to PSD
roughness. Tab. 1 lists the geometric means of the PSD co-
efficient G,(n,) when n, =0. 1 m ™' and the PSD root mean
square g, in the range of 0. 011 m™' <n<2.8 m~'. The
classification of pavement roughness is shown in Fig. 1. Sta-
tistics show that the road surface spectrum in China is almost
in the range of grades A, B and C.

Tab.1 Classification standard of pavement roughness
Grade G, (ny)/cm’ o/em’
A 16 38.1
B 64 76. 1
C 256 152.3
D 1024 304.5
E 4096 609. 0
F 16 384 1218.0
G 65 535 2436.1
H 262 144 4872.2
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Fig.1 Classification of pavement roughness

3 Establishment of Time Domain Model
3.1 Simulation

The method of the stochastic sinusoidal wave is based on
the idea of making the discrete spectrum approximate to the
target stochastic process. It is a discrete numerical method
used to simulate pavement roughness. The primary idea is
that the pavement roughness is denoted as the sum of numer-
ous sines or cosines with stochastic phases. This model can
simulate stochastic processes with any shape spectrum densi-
ty, and the results of samples are continuous.

Assume that the displacement spectrum density is G, (f)
when the time frequency is f, <f<f,. According to the sto-
chastic process theory, variance of pavement roughness can
be described as

S,
o = | G df

Ji

(10)

The interval (f,, f,) should be divided into n small inter-
vals. The value of G,(f) in the whole small interval is sub-
stituted by the spectrum density value G,(f,,, ;) with a mid-
dle frequency f,,,(i=1, 2, ..., n) in each small interval.
So, after discretization, Eq. (10) can be written as

or = 2 Gl fua) N, (11)

i=1

where Af, represents the frequency interval. In each small
interval, we can find such sinusoidal functions, which have
SJuas C0 =1, 2, ..., n) as their frequencies and

VG (fria. ) Af; as their standard deviations. After all the si-
nusoidal functions are accumulated, the pavement stochastic
displacement based on the time domain model can be de-
scribed as

S() = 3 26, ) M sin(2nf ot +6)  (12)

where 6, represents the random number in the interval of [0,
2],

It can be proved that the frequency characteristics of the
stochastic displacement input generated by Eq. (12) are con-
sistent with the given road surface spectra. Thus, S(f) can
represent the stochastic displacement input at the current ve-
hicle speed.

3.2 Analysis and discussion

Substituting Egs. (8) and (9) into Eq. (12), we obtain

" 2vn(2) Gf( ny)

Afsin(2f,
v

t+6,) (13)

mid, i

and

21 -1
2

Af i =1,2,... (14)

Juia: =6+ = s 1

Although 0, is independent of the PSD, it relates to S(?).
The improper selection of #, will lead to too large an S(¢)
and make it have no practical value. In fact, by establishing
a constraint equation which meets the probability distribution
function and by introducing the penalty factor of the optimi-
zation function, we can effectively improve the practical
effect of the time domain model'"”.

As discussed above, the road surface spectra in China are
almost in the range of grades A, B and C. So, these three
kinds of pavements are researched. Tab. 2 lists some param-
eters in the model, where n, =0. 1 m™

Assume that the lower limit of the time frequency f, =0.5
Hz, the upper limit f, =30 Hz, the invariable interval Af, =Af
=0.01 Hz and speed v =30 m/s. The length of the simulated
pavement L =30 m, and 1500 discrete points are selected.
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Tab.2 PSD coefficients of grade A, B, C

Tab.3 NRI of grade A, B and C

Grade PSD coefficient/cm? Grade NRI
A 16 A 1.001 94
B 64 B 1.007 77
C 256 C 1.029 77

Figs.2, 3 and 4 are respectively the pavement roughness
inputs of grades A, B and C obtained by computer simula-
tion.

10

Pavement roughness/mm

1 1 1 1 J
0 5 10 15 20 25 30
Road vertical distance/m

|
—_
wn

Fig.2 Pavement roughness curve of grade A
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Fig.3 Pavement roughness curve of grade B
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Fig.4 Pavement roughness curve of grade C

It can be found that as the grade of pavement decreases,
pavement roughness becomes increasingly worse. The vari-
ance and amplitude of pavement roughness become increas-
ingly larger with the increase in the PSD coefficient.

The pavement roughness curves can be integrated to ob-
tain the curve length S. Then, pavement length L is divided
by the curve length S to obtain a dimensionless value. This
value is an index to measure pavement roughness which is
defined as the nominal roughness index (NRI). Tab. 3 lists
the NRI of grades A, B and C in this model.

The physical meaning of the NRI is the average curve
length per unit pavement length. The value of the NRI is re-
lated to the PSD coefficient and the number of discrete points

per meter and speed. Given the conditions of 50 discrete
points per meter and v =30 m/s, there is a one to one corre-
spondence between the PSD coefficient and the NRI. The
numerical simulation is shown in Tab. 4.

Tab.4 PSD coefficient and NRI

Grade PSD coefficient/cm® NRI
A 16 1.001 94
B 64 1.007 77
c 256 1.029 77
D 1024 1.109 99
E 4096 1.359 32
F 16 384 1.999 77
G 65535 3.41539
H 262 144 6.561 48

Though there is a correspondence between the PSD coeffi-
cient and the NRI, the physical meaning of the NRI is more
explicit than that of the PSD coefficient. By simulation,
pavement roughness curves can describe the variations in
pavement roughness more intuitively and effectively than
those of PSD roughness. The method of the stochastic sinu-
soidal wave is also important to the research on vehicle ride
comfort due to its rigorous mathematical derivation, exten-
sive application range and intuitive simulation curve.

4 Conclusions

1) The method proposed in this paper can generate a sto-
chastic vibration signal that accords with PSD roughness bet-
ter. And it is more intuitive and effective than the traditional
method.

2) Because the sinusoidal signal is ergodic, multiple sam-
ples can be combined to simulate the stochastic signal.

3) As the grade of pavement decreases, pavement rough-
ness becomes increasingly worse. The variance and ampli-
tude of pavement roughness become greater when the PSD
coefficient increases.

4) The nominal roughness index (NRI) is proposed to
measure pavement roughness.

5) Though the pavement roughness input based on the
time domain model has been solved by the Fourier trans-
form, the precision of the model needs to be further veri-
fied.
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