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Abstract: To solve the problem of the lack of comprehensive
evaluation of three-dimensional ( 3D ) asphalt pavement
roughness, a method for evaluating the asphalt pavement
roughness is proposed based on two-dimensional (2D) power
spectral density (PSD). By calculating the 2D PSD of a 3D
asphalt pavement and converting it into the longitudinal
average asphalt pavement PSD, the relationship between the
evaluation method of the 3D asphalt pavement roughness and
the current evaluation standard of roughness is established.
Combined with the road-fitting formula used in international
standards, the elevation data of the A, B, C, and D grades of
the 3D asphalt pavement are simulated by the harmonic
superposition method. According to the proposed method, the
longitudinal PSD of each level of simulated asphalt pavement
is calculated and compared with the standard spectral line of
each pavement level. This approach verifies the effectiveness
of the proposed method in evaluating the roughness of the 3D
Compared with the PSD of a certain
horizontal profile elevation, it is verified that the fluctuation

asphalt pavement.

amplitude of the spectral line calculated by the proposed
method is greatly improved. The results show that the
proposed method can evaluate the roughness of asphalt
pavements more comprehensively and accurately and has
strong practicability.
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oughness is one of the main technical indicators for
R evaluating the quality of asphalt pavements and en-
suring driving safety and comfort. The American Society
for Testing and Materials defines road roughness as the
vertical deviation of the road
plane'" .
uneven distribution of asphalt pavement quality causes

surface from the ideal
Studies have shown that the deterioration and

. 2 .. .
several crash accidents', affects driving speed, increases
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the rolling resistance of driving, accelerates the degrada-
tion of automobile parts, and increases automobile main-

3
tenance costs"”’

. Additionally, uneven asphalt pavement
surfaces stimulate vehicles to produce vertical dynamic
loads, which are reflected on the asphalt pavements, ag-
gravating the occurrence of asphalt pavement disease.

Among many indicators for evaluating asphalt pave-
ment roughness, the international roughness index ( IRI)
is the most widely used. Other indicators include the
power spectral density (PSD), profile index, and vertical
acceleration root mean square'”'. Since asphalt pavement
profiles comprise short, medium, and long waves with
different characteristics, the roughness characteristics of
asphalt pavement profiles can be investigated by analyzing
the elevation, velocity, and acceleration variations under
different frequencies'’.

Generally, roughness detection technology can be divid-
ed into reaction and section types according to the detec-
tion principle'”. It mainly includes the three-meter ruler
method, the continuous roughness meter, the hand-push
roughness meter, the vehicle-mounted bump accumula-
tor, and the vehicle-mounted laser roughness meter.

With the development of information technology, ma-
chine vision has been widely used in several fields, such
as robotics and automation, with the advantages of rich
information, good timeliness, small size, and low energy
consumptionm. RGB-D sensors'™, binocular vision tech-
nology"', and other technologies are used to obtain more
comprehensive three-dimensional (3D) information on as-
phalt pavement. The transverse and longitudinal sections
of 3D asphalt pavements have height changes. Compared
with the traditional detection methods, these new detec-
tion technologies can obtain the longitudinal and trans-
verse elevation data of asphalt pavement. Conventional-
ly, the calculation method of asphalt pavement roughness
is mainly for the longitudinal.

Herein, a new method for calculating the elevation lon-
gitudinal roughness of 3D asphalt pavements based on the
2D PSD is proposed. The rest of this manuscript is ar-
ranged as follows: Firstly, the roughness index of the
PSD and the 3D harmonic superposition simulation meth-
od of asphalt pavements are introduced. Next, a new cal-
culation method for evaluating the longitudinal roughness
of 3D asphalt pavement elevation is proposed. Further-
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more, the 3D asphalt pavements from grade A to D are
simulated, and the effectiveness of the proposed method
is verified by experimental comparison.

1 Basic Theory
1.1 PSD evaluation of pavement roughness

Several measured data have shown that the elevation of
road profiles is generally considered a random phenome-
In the time domain, it is a stationary random
process of all states''”. As the input of vehicle vibration,
the statistical characteristics of road roughness are mainly
described by the road PSD. According to the random
process theory, the road PSD can be used to analyze the
road profile and represent the variations in the variables at
different frequencies ( wavelengths). Therefore, the un-
evenness of the road profile can be analyzed by the varia-
tions in elevation, velocity and acceleration under differ-

non.

ent frequencies ( wavelengths).

In the 1970s, the International Standard Organization
(ISO) proposed the PSD index, which realized the evalu-
ation of road surface profile texture at different scales.
According to the road surface spectrum frequency index,
road surface roughness is divided into eight grades from A
to H in the international standard. In the Road Surface
Roughness Representation Method Draft "' proposed by
ISO/TC108/SC2N67, the PSD of the road roughness
G,(n) is expressed as

-

G,(m = Gy(m) (1) (1)
where n, =0. 1 m ™' is the spatial reference frequency;
G,(n,) is the roughness coefficient corresponding to the
road grade; w is the frequency index, which determines
the frequency structure of the road PSD under general con-
ditions, and 7 is a frequency in the space-frequency effec-
tive band. The spatial frequency bandwidth is [n,, n,].

The PSD curve is a spectral density curve with spatial
frequency as the horizontal axis and the finite mean
square value within the range of unit spatial frequency or
spatial angular frequency as the vertical axis. It can repre-
sent the distribution of road roughness energy in the spa-
tial frequency domain and describe the structure of road
waves. Therefore, it is called the road vertical displace-
ment PSD, or road spectrum for short.

The range and geometric mean values of grade A to H
road roughness coefficients are presented in Tab. 1, and
the frequency index of the graded pavement spectrum @ =
2. The grading diagram of road roughness is shown in
Fig. 1; the graph is expressed in double logarithmic coor-
dinates. The logarithmic coordinates expand the dynamic
range of the expression, and the low-power part of the
high-frequency end is graphically amplified, whereas the
high-frequency power is an important part of the road ex-
citation.

Tab.1 Classification standard for road roughness

G,(ny)/cm’ 0,/10 7% m?
Road (n=0.1m™" (0.011<n<2.83m™")
grade Lower Geometric Upper Geometric
limit mean limit mean
A 8 16 32 3.81
B 32 64 128 7.61
C 128 256 512 15.23
D 512 1024 2 048 30.45
E 2 048 4 096 8192 60.90
F 8192 16 384 32 768 121.80
G 32 768 65 536 131 072 243.61
H 131 072 262 144 524 288 487.22

1 1
1072 10! 10° 10!
Spatial frequency n/m™'

Displacement power spectral density G,(n)/m’

Fig.1 Grading diagram of road roughness

1.2 Harmonic superposition method for 3D asphalt
pavement simulation

The transverse and longitudinal sections of 3D asphalt
pavement have height changes (see Fig. 2), which have
an impact on the assessment of roughness. According to
the statistical characteristics of the road spectrum, road
elevation is a Gaussian process of smooth traversal with a
mean of zero. Therefore, different forms of trigonometric
series can be used for simulation.

Fig. 2
sional asphalt pavement

Transverse and longitudinal sections of three-dimen-

The standard asphalt pavement roughness within a lim-
ited range of spatial frequencies can be obtained by the
superposition of harmonic components of the asphalt
pavement roughness at the central frequency between each
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partition, as follows'"” :

= Z\/ 2G,(n) Ansin (2mn,,_x +6,) (2)

q(x)

where n_,,, is the central frequency between each cell,
where i =1, 2, ..., m; 6,e[0,2w] is a random number
with interval uniform distribution; An is the sampling in-
terval of the spatial frequency.

To build a random 3D asphalt pavement and increase
the elevation distribution of the transverse profile, Eq.

(2) needs to be extended, as follows "':

m

= 3 /2G, (N ) Bn
i=1
sin (ZTrnmid,,- VXY +0.(xy) )

where x is the longitudinal position of the random asphalt
pavement, y is the transverse position of the random as-
phalt pavement, and 6,(x, y) is the random number be-
tween [0, 24] of any line y on the asphalt pavement.

2 Evaluation Method of 3D Asphalt Pavement
Roughness

q(x, y)
(3)

2.1 Two-dimensional PSD of 3D asphalt pavement

In the Euclidean coordinate system, the three-dimen-
sional asphalt pavement can be represented by a function
z(x, y) of two variables x and y, where z is the vertical
coordinate of the actual surface relative to the theoretical
surface height at position (x, y). The two-dimensional

Fourier transform of z(x, y) is given as follows:
Lo
Z(f. 1) = (X, y)
fod) =] [ «en
exp[— P2m(xf, +3f,) | dxdy (4)

where f, and f, are the spatial frequencies in the x and y
and L ad L, are the lengths of the 3D asphalt
pavements in the x and y directions, respectively.

The collected asphalt pavement elevation is discretized.
Thus, sampling is performed with sampling pitches Ax
and Ay in the spatial region in the x and y directions, re-
spectively, to obtain a spatial surface with a lattice size of
M x N. Then, the spatial frequencies in the x and y direc-
tions of the spatial surface are discretized as f, = p/
(MAx)(p=0, 1, 2, M-1), and f, =q/(NAy)(q =
0, 1, 2, .., N-1), respectively. Its 2D discrete Fourier
transform is given as follows:

directions;

N-1 M-1

2 ZZ(m, n)-.

n=0 m=0

exp[ —j2w(%m +%n)] ‘

Z(f,, f,) = AxAy

OspsM-1, O0sgsN-1 (5)

Its 2D PSD calculation equation is expressed as

N-1 M-1
PSD(/,. /) = S5 S S 2 n)-
n=0 m=0
2
—i i 4q
eXp[ J27T(Mm + N")]
OspsM-1, 0<sg<sN-1 (6)

To solve the problem of the side lobe leakage in the
PSD spectrum, the Hanning window was used for prepro-
cessing. The definition of the 2D Hanning window ( nor-
malized window energy) is given as follows:

w,,(m, n) :%[1 —cos(%)][l _COS(quznl)]

0osmsM-1,

OsnsN-1 (7
The 2D PSD of the 3D asphalt pavement elevation pro-

cessed by the Hanning window is given as follows:

N-1 M-1

AxAy

PSD(fq’fq) = nza mz‘, zZ(m, n) wy,(m, n) *
eXP[ el fm o )] |

OsmsM-1, O0snsN-1 (8)

2.2 Longitudinal mean PSD

The roughness index mainly reflects the roughness of
the longitudinal profile curve. Therefore, it is necessary
to convert the 2D PSD into a 1D PSD for the longitudinal
pavement evaluation. When the spectrum varies only in a
fixed direction, the 1D PSD can be calculated from the
2D PSD. Assuming that the x-direction is the direction of
the frequency change, the specific equation is given as
follows:

PSDp(v,) = [ PSDy(v,,v,)dv, (9)

The discrete form is given as follows:

M-1

PSD(v,) = ) PSD(v,, v,)Av, (10)
m=0

Therefore, after the conversion to the longitudinal 1D
PSD, the equation is given as follows:

AxA N-1 M-1
PSD(f,) = 2 ( Y Z Zz(m mw,,(m, n) -
m =0 n=0 m=0
expl - 2a( L+ 4n)] | ) ks
OspsM-1, 0<sg<sN-1 (11)

3 Experimental Verification
3.1 Three-dimensional asphalt pavement simulation

The roughness of the road displacement can be ex-
pressed as g = g(I), where the independent and dependent
variables are the length and height, both of which are unit
dimensions of length. Also, ¢(/) is the infinite signal in
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the time domain. In engineering, a section of asphalt
pavement with length L is usually selected for research.
The value of L should ensure the spatial frequency resolu-
tion. The spatial frequency of the road roughness signal is
between 0.011 and 2. 83 m™', so the minimum identifi-
cation frequency is An =1/L<0.011, thatis, L=91 m.

According to the sampling theorem, the sampling fre-
.- Then, the
sampling intervals Ax and Ay in the x and y directions
should meet the following condition:

quency satisfies the condition when n,=2n

(12)

Grade A-elevation z/m

Grade C-elevation z/m

ep, 0
To =2,
e 572

(c)

3.2 Validity verification

The steps to verify the effectiveness of the method
herein are as follows:

1) The 2D PSD is calculated using the 3D elevation
data. According to the elevation data of grades A-D 3D
asphalt pavement simulated in Section 3. 1, Eq. (8) is
used to calculate the 2D PSD of the corresponding eleva-
tion data. The 2D power spectral densities of grades A-D
asphalt pavements are shown in Fig. 4.

2) The 2D PSD of the 3D road surface is converted in-
to the 1D longitudinal PSD. Since the current roughness
index reflects the roughness of the longitudinal profile
curve, Eq.(11) is used to calculate the longitudinal 1D
power spectral densities of grades A-D.

3) The power spectrum calculated by this method is
compared with the standard road spectrum. The 1D pow-
er spectrum density spectrum is compared with the corre-
sponding standard pavement spectrum. The comparison

Therefore, Ax<<0.176 7 m and Ay<0.176 7 m. Here-
in, Ax=0.1m, Ay=0.1m, L =160 m, and L, =6 m.

According to Tab. 1, the geometric mean value of the
grade A road roughness coefficient is selected, and the el-
evation of grade A 3D asphalt pavement is simulated ac-
cording to the harmonic superposition method of Eq. (3).
Similarly, the corresponding roughness coefficients of
grades B, C, and D are selected to simulate the corre-
sponding level of the 3D asphalt pavement elevation ac-
cording to Eq. (3). The 3D elevation of grades A-D as-
phalt pavement is shown in Fig. 3.

Grade B-elevation z/m

Grade D-elevation z/m

(d)
Fig.3 Three-dimensional elevation of grades A-D asphalt pavements. (a) Grade A; (b) Grade B; (c) Grade C; (d) Grade D

results under grades A-D asphalt pavements are shown in
Fig. 5.

According to Fig. 5, in the space-frequency range,
the PSD lines of grades A-D 3D asphalt pavements cal-
culated by the method herein are very consistent with
the standard spectral lines of the corresponding grades.
Therefore, the method presented herein is feasible for
evaluating the roughness of 3D asphalt pavements.

3.3 Comparison with traditional methods

According to the national standard "'*', the roughness
is usually tested using the eight-wheel instrument or the
laser roughness profiler as an interval every 100 m to cal-
culate the PSD or IRI of a longitudinal profile. There-
fore,
roughness of a profile. Then, to verify the advantages of
this method over the traditional method, the PSD of a
horizontal profile is calculated and compared with the re-
sults of this method.

the traditional method is used to evaluate the



Roughness evaluation of three-dimensional asphalt pavement based on two-dimensional power spectral density 405

s o 2.
£ £
" 7 2.
(=] (=)
= L
gs g;l.
= a0
N N
=9 Ay

- 1.0 - 3.0
,I,E 0.8 o 2.5
(=]
=06 =47
S 2L
B S1.0
9}0.2 9)0.5
~ 0, A )
5 . 5
2, jal 5 Ve, 0 a{\a\
Qe TS A wd\“"‘\ 2 “egy. Ise md al P!
ehcy/:?ﬁf”a/ -3 Lo{‘;%:x“enw it eacy{?:\tfél sim: LO“g‘ eney S/

(o) (d)

Fig.4 Two-dimensional power spectral densities of grades A-D asphalt pavements. (a) Grade A; (b) Grade B; (c) Grade C;
(d) Grade D
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Fig.5 Comparison diagram with standard spectrum under grades A-D asphalt pavements. (a) Grade A; (b) Grade B; (c¢) Grade C;
(d) Grade D

The comparison steps between the method herein and 1) The 3D asphalt pavement simulation data in Section
the traditional method are as follows: 3.2 was selected for experimental verification.
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2) The longitudinal 1D PSD of the 3D asphalt pave-
ment is calculated by the method herein.

3) The longitudinal section elevation data is selected at
the transverse 2 m (y =2 m) of the simulation pavement

100 -
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= 10%F 2D computational spectrum
g — 3D computational spectrum
& 107
>
= 106+
5
kol 10 8L
E ]O 10
é
f ]O 121~
g
Z 10 4
ay
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at all levels, and the corresponding PSD is calculated.
The comparison results with the method herein are
shown in Fig. 6.
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Fig. 6 Comparison with traditional method under grades A-D asphalt pavements. (a) Grade A; (b) Grade B; (c) Grade C; (d) Grade D

Tab.2 Performance comparison between the proposed and traditional methods

Road Gradient/m* Standard deviation/m?
grade Standard Spectrum  Traditional method Proposed method Standard spectrum  Traditional method Proposed method
A -2.00 -1.9356 -1.988 7 0 0.939 0 0.244 2
B -2.00 -2.1382 -1.9879 0 0.8222 0.2392
C -2.00 -2.1487 -1.9915 0 0.967 7 0.2552
D -2.00 -1.793 8 -1.973 6 0 0.950 5 0.2358

The PSD calculated from the elevation data of the
transverse and longitudinal profiles fluctuates greatly ( see
Fig. 6). The PSD spectrum of each grade obtained by
this method is very consistent with the standard spectrum
of the corresponding grade, and the fluctuation of the
spectrum is reduced. The gradient of the standard spec-
tral line is —2. Assuming that the variance of the stand-
ard spectral line is zero, the performance index obtained
by correcting the spectral line calculated by the tradition-
al and proposed methods is shown in Tab. 2. The method
proposed herein has a certain degree of improvement
compared with the traditional method of calculating the
spectral line slope (see Tab.2). In terms of the spectral
line fluctuation, the standard deviation calculated by the
traditional method is generally 0.8 to 0.9, and the stand-
ard deviation calculated by the method proposed herein is
~0. 24, with a significant improvement. Therefore, it

can be proved that the method presented herein can better
evaluate the roughness of 3D asphalt pavements and has
high evaluation accuracy.

4 Conclusions

1) Based on the elevation data of simulated 3D asphalt
pavements, this study finally deduces the equation of the
longitudinal average PSD of 3D asphalt pavement by
studying the 2D PSD of 3D asphalt pavements to adapt to
the evaluation standard of the pavement roughness in the
current standard.

2) The simulation case shows that the spectral lines
calculated by the method herein are consistent with the
standard spectral lines. Besides, the evaluation of the
roughness of 3D asphalt pavements is more comprehen-
sive and accurate.

3) The 2D PSD contains the frequency information of
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wavelengths in different directions. This information is computer vision technology [ C]//2015 Seventh Interna-
important for evaluating the roughness of asphalt pave- tional Conference on Measuring Technology and Mecha-
ments tronics Automation. Nanchang, China, 2015: 630 —633.

DOI: 10. 1109/ICMTMA. 2015. 158.
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