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ANALIZA ODDZIALYWANIA MIEDZY POJAZDEM A NAWIERZCHNIA
DLA CELOW KLASYFIKACJI IRI W RAMACH SLOWACKIEGO PMS

AN ANALYSIS OF VEHICLE-ROAD SURFACE INTERACTION
FOR CLASSIFICATION OF IRI IN THE FRAME OF SLOVAK PMS

Rownosé jest jednym z podstawowych czynnikow jakosci nawierzchni. Stanowi ona charakterystyke stanu drogi, jak
rowniez bezpieczenstwa na drodze i komfortu jazdy. Nierownosci podiuzne powodujq niedogodnosci w ruchu dro-
gowym i niebezpieczenstwo zmniejszenia oddziatywania miedzy kotami a nawierzchniq. Wymienione aspekty zostaly
wziete pod uwage w analizie poziomow klasyfikacji w ramach stowackiego PMS. Symulacje roznych warunkow brzego-
wych podczas diagnostyki nawierzchni mialy na celu przede wszystkim zbadanie wplywu nierownosci na pojazd, a co
za tym idzie, na komfort jazdy. Z drugiej strony, wplyw nierownosci na oddziatywanie miedzy nawierzchniq a kotem
stanowit podstawowe kryterium oceny z punktu widzenia bezpieczenstwa. Przedmiotem artykutu jest obserwacja i oce-
na opisanych parametrow podczas przeprowadzonych symulacji i pomiaréow eksperymentalnych. Do symulacji uzyto
dynamicznych charakterystyk prawdziwych pojazdow.

Stowa kluczowe: stan drogi, nawierzchnia, rownosc¢, bezpieczenstwo na drodze, niedogodnosci.

Road evenness is one from basic factors of the pavement quality. It represents the characteristic of the road serviceabi-
lity but also road safety and comfortable. The longitudinal unevenness causes the traffic discomfort and danger of the
wheel-pavement interaction decreasing. Listed aspects were taken into account for analyze of classification levels in
frame of the Slovak PMS. The simulations of different boundary conditions during pavement surface diagnostics were
oriented above all to the response of unevenness to the vehicle and to the ride comfort consequently. On the other hand
an effect of unevenness to interaction between surface and wheel was the basic criteria of evaluation from safety point
of view. The paper is oriented to the observation and evaluation described parameters during realized simulations and
experimental measurements. For simulations were used dynamic characteristics of real vehicles.

Keywords: road serviceability, pavement, evenness, road safety, discomfort.

1. Introduction possibility to determine modulus of pavement layers to
calculate residual pavement life and overlay.

- The technology of pavement rehabilitation is chosen ac-
cording to all the parameters. Evaluation of these variable
parameters (except surface failures) in scope of the Slo-
vak PMS and basic principles of PMS are presented in the
next part of the paper.

In the next part of the paper are presented correlations of
international established dynamic quantifiers of longitudinal
unevenness. Following ascertained correlations of parameter C
and IRI (International Roughness Index) and new legal regu-
lations has been modified a classification scale of IRI used in

The Slovak Pavement Management System (PMS) [7] is
a tool for effective dividing of budget for the management of
road rehabilitation. The system includes processes for effective
maintenance, repairs and renewal of the road surface and struc-
ture. The processes are based on diagnostics of the pavement
surface parameters (serviceability level of pavement) and bear-
ing capacity. These parameters input into PMS as follows:

- Surface failures - input by Index of surface deterioration
(ISD) describing ratio of failures area to surface area.
Evaluation criteria include five levels of quality (from ex-
cellent to emergency).

- Longitudinal unevenness - input by International Rough- Slovakia.
ness Index (IRI) describing longitudinal unevenness qual-
ity in five levels. 2. International Roughness Index - IRI

- Transversal unevenness - input by RUFS d_epth represents Parameter IRI is obtained using the Reference Quarter Car
the transversal unevenness. The quality is evaluated in Simulation (RQCS) according to [5] and Fig. 1.

five levels scale as for longitudinal unevenness.

- Skid resistance - input by Skid Resistance Index (SRI)
describing skid resistance in relation to microtexture and
macrotexture quality. The methodology of quality evalua-

This mathematical model is defined mathematically by two
second-order differential equations:

tion uses three levels of assessment. Zom +C (z,—% )+k (z,—z,)=0 1)
- Bearing capacity uses deflection bowls measured by FWD
Kuab as an input for the program CANUY that gives the Zoom +m,-Z +k -z, =k y )
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Fig. 1. The Reference Quarter Car Simulation

This system we can express:
Z+C(z, -2, )+k,(z,-2,)=0 (3)
ZoAu-Z vk -z, =k-y 4)

]

Where: mg my, - weight of the sprung mass and the unsprung
mass [kg], kg &, — constant of the linear spring and the tire
[KN.m"]: C¢ — coefﬁment of linear damper [kN.s.m™] zy z, -
dlsplacement of the sprung and he unsprung mass [m]

z, =dz [dt, Z, =dz, [dt - vertical velocity of the sprung/
unsprung mass [m.s], £, = d’z [df*, 2, = d’z, [dt* - ver-
tical acceleration of the sprung/unsprung mass [m.s?], y(z) —
profile elevation input [m]

Equations (1) - (4) apply for temporal domain. We solve this
model in linear domain, know real longitudinal profile per 0.25
m, whereupon we must find a vector of spatial derivations -Z7(x)

= (2,, 2, 2y, 2,)- The values of this vector are calculated as:

Z:.a' =8 En TS '\m.f—l +55; ':r:.f—l + 8, 'Z:.a'—l T ‘,"'; ©)
Z:,- =8y 'u F S '-:‘—I 820 Ty '~:, H s '.""f' (6)
-|:1 = sul -:_J'—I + su"’ -:a' 1 +5 -l:.-’ 1 +s 4 -:.f—l +r 11' (7)
“'-:.J =8y TSy '-:'r-| +5y ':r:.f—l + 5y 'Z:.f—l 7 '}"r" ®)

The presented system can be expressed in the following
matrix form:

Z(x)(i) :§'Z(x)(i-1) +R'y(’i) ©

Where'ZT(x) =22, 25, 2,) = (z'“_' ”ﬂ' 'M z )= (dz /
dx; dz_/dx; dz /dx; d’z, /dx) - vector of spatial derlvatlons
S- state transition matrix 4 * 4, R — partial response matrix 1 x4,
y',,—slope input, i — present step, i-1 — previous time step.

The differential equations (7) - (10) can be expressed in the
following matrix form:

Z(t)=A-K(t)+B-y(t) (10)

Where: Z' (1) = (2,7 ,z,,Z, ) =(dz Jdt,d?z /dt,dz /dt 2z /dt)
-vector of temporal derivations

K'(t)=(z,z, 2, 2, )- additive vector of temporal deriva-
tions.

0 1 0 0
=K, —C K, C
d = N - (11)
0 0 0 I

K,Ju Clu —(K +K,)Ju —Clu

B= 12)

K, Ju

For a constant length of the step, on which Yy is a con-
stant, the S and R matrices can be computed from the A and B
matrices:

S = et (13)

R=A4"'(5-1)-B (14)
Where:
dt(s)=dx(m).3600(s/h).0,001(km/m)/ v(kph)  (15)
I - identity matrix 4 *4

The algorithm for evaluation of longitudinal unevenness —
IRI KCS, according to original methods [5], has been created in
Microsoft Excel 97. This program goes out equations (1)-(15)
and one consists of next steps:

Calculation of profile slope input - the profile slope input
is computed for every measuring point (we must known eleva-
tions of longitudinal profile per 0.25 m):

y'([) =(y -y )/dx i=23,....N (16)
(i-1) (i)

Where: y', — smoothed profile slope input, V- elevation of
longitudinal profile [m], dx — measurement interval dx = b =
0,25 m.

Computation of the vector of spatial derivations Z(x) (l )"
the computation of vector Z'(x) , = (z, , z,,; 2,2, ) = (z ; 2 |,
;z,,;z,;) is realised by equation (15):

Z(x),, =S8-Z(x),, +R-

(i} -’rr

Where:
S — state transition matrix 4 *4, R — partial response matrix 1 x4,
i — present step, i-1 — previous time step

Determination of the corrected profile slope

T;=(z -z) i=2,3,...N @17
3i 1
Calculation of the parameter IRI - IRI represents arith-
metic average of the corrected slope. Values of parameter IRI
can be appreciated for window of a discretionary length (conve-
niently 1, 10, 20, 100 m - Fig.2 right).

1
N-1 2 (18)

IRl =
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Fig. 2. Corrected profile slope per 0,25 m and original parameter IRl
(left) and IRI appreciated for window 10, 20 and 100 m (right)

3. Verification of RQCS model

The measuring set called the Single-Wheel Vehicle of the
University of Zilina (Slovak abbr. JP VSDS) was designed on
the DMS (double-mass measuring set) principle. This equip-
ment represents a model of a quarter of the passenger vehicle
and its basic parts are presented in Fig.3. The equations of mo-
tion for dynamic model JP VSDS according to Fig. 3 are as
follows:

mx, =k1(xu _xl)_le (19)
my¥, = f, (20)

In the case of small vibrations (4,, ¢, < 5°) the vertical di-
splacements are given by relations x, = ¢, and x, = L¢,. The
force £, in Eq. 19 means the force effect of suspension spring
and damper onto the mass m, in the direct of its vertical axle.
On the base of moment equation to the cardan joint, the force £,
could be expressed as follows:

a’ &py
L=k T(@ _Q’:)"'b: f_(‘ﬂ _(9:):

Similar, the force f,, in Eq. 20 presents the force reduction
effect on the mass m, in direct of its vertical axle:

1 a s
Jo =k, {,_((91 _§93)+b2 T(@ _(9:):

7 2

2 2 : . @
oY LI SLATRE T N T
i "il ‘rl i '!,2- i i !IIZ i !2- i

The equations of motion for small vibrations are given after
substituting the Egs. 21, 22 into Egs. 19,20 by:

b ([ |

3 77 0

Fig. 3. Single-Wheel Vehicle of the University of Zilina

mx, +b, j—;i’l -, i.i'l +[I(| +k, T—J\I ~k, %xl =kx, (23)
|

1t

1 172

m,%, +b, =%, b, '”—.i-I +hy o x, —k, ”—.\-I =0 (29
Y S (7 BT

In fact, we do not measure acceleration on the mass mz, but
on the accelerometer placed on the sprung mass in the distance
of tyre vertical axle, see Fig. 3. From this point of view it is ne-
cessary to rewrite the equations of motion. The vertical displa-
cement (velocity, acceleration) of mass m, can be expressed as a
function of geometry and displacement (velocity, acceleration)
of accelerometer as follows:

X, = (b /1) Xy Xy = (/1) %y ¥, = (L/1)-%,,  (25)

After substituting Eq. 25 into Egs. 23 and 24 we can rewrite
these relations as:

a4

m X, +b, f:_(‘ﬁ — X, )+k, j_:—(xt — X, )+kx, =kx, (26)

!nl'i:}.l + bﬁ c;_"_‘('%iu = j‘I )+ kl (;; (xlil i ""I ) = 0 (27)

Following the equations (19) — (27) were calculated dyna-
mic responses of sprung mass of JP VSDS indicated by speed
control bump — type CZ 8 — Fig.4.

The simulated responses were calculated in the algorithm
IRl - KCS. The measured accelerations were obtained by trans-
ducer B 12/200 of the HBM company (intensive by circle in
Fig.3) - an inductive type of a scanner of a working frequency
0 - 100 Hz and sensibility of 0 - 200 m.s2. The comparison me-
asured and simulated accelerations can be seen in Fig.5.
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Fig. 5. Comparison of measured and simulated dynamic response of
sprung mass of JP VSDS indicated by speed control bump —
type CZ 8

4. Power spectral density of longitudinal unevenness

The discretionary evaluated road sections, which are homo-
genous from the point of view of construction and degradation
conditions, can be evaluated through the medium theory of sta-
tionary random process. This type of random process can be
best characterized by a correlation function or power spectral
density (PSD). The correlation function X, (2) for this type of
process is expressed in linear domain by equation

n w

K, (2)=[ [[m(D)-E ][I (1=2)=E, ) £ (b )by -db, (28)

-5 -

Where: A - linear lag [m], £, - expected value of stochastic
unevenness; £, =0, A(l) - stochastic unevenness, f,(h,,h,) - com-
bination density of expectation.

Stochastic unevenness is computed as a difference betwe-
en a real and theoretical profile. In our case we must identify
elevations of longitudinal profile per 0.25 m and longitudinal
unevenness are evaluated through the standardized correlation
function p,(4) (left hand side of Fig.6).

Su [m .rad']
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Length Circular Frequency (3 [radm’'] i—lirml:o—lirilgul
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—4 - very poor
0 25 50 75 100 125 150 (simus oidal
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Fig. 6. Standardized correlation function and PSD of stochastic une-
venness

For the purpose of unevenness assessment it is more appro-
priate to use power spectral density (PSD) S,(€2) (right hand
side of Fig.6), which can be expressed from the correlation
function by means of Wiener Chinchine equation:

Sh{Q]:2/;r-th{/‘!.]-cos(Q)L)-c.~’,l (30)

Where: D, - dispersion of an stochastic unevenness [m?],
Q - angular spatial frequency [rad.m?],

Q=2-7/L (1)

L - unevenness wavelength [m].

The unevenness degree C [rad.m.10] of an evaluated road
section is expressed from the basic relation [9] that was modi-
fied for our mode of unevenness identification by JP VSDS.

D
C=—2% (32)

] "
I-—>» v
N2
Where: D, - dispersion of sprung mass acceleration — left hand
side of Fig.3 [m2.s-4], I - parameter of dynamic transfer [rad-
153], C - unevenness degree — right hand side of Fig.3 [rad.m],

v, - digital values of a measured velocity — right hand side of
Fig.3 [m.s-1]
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Fig. 7. Vertical acceleration indicated by speed control bump and ride
speed (left hand side of Fig.7) and parameter C evaluated by JP
VSDS

4. Correlations between unevenness parameters C and IRI

The correlations between unevenness parameters C and IR/
(International Roughness Index) have been determined for a
consideration of theoretical dynamical response of RQCS (Re-
ference Quarter Car Simulation) [8] and experimental measure-
ments (Fig. 8 and 9).
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Fig. 8. Correlations of unevenness parameters C and IRIC a IRI for
ride speed 90 kph
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Fig. 9. Correlations of unevenness parameters C and IRIC a IRI for
ride speed 130 kph

The comparison of our correlation dependences (roads -
ride speed of 90 kph and highways of 130 kph) with results of
the Second International PIARC-WRA experiment (including
FILTER programme) [3,8] can be seen in Fig. 10.
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Fig. 10. Comparison of Slovak and World—wide correlation dependen-
ces between unevenness degree C and IRI

5. The criteria of unevenness evaluating by IRI

The criteria are base on described theoretical principles,
and on the request of traffic safety and ride comfort assurance.
The ride comfort described by vertical acceleration of sprung
mass of vehicle a, and the safety described by vertical dynamic
strength F, on the contact of the wheel with pavement surface
are described in next. The simulation of the crossing of a half
car model on generated harmonized unevenness as a random
unevenness on real roads, measured by Profilograph GE, were
realized for determination of the relation between longitudinal
unevenness and ride comfort (safety, respectively). The values
of maximal acceleration of the vehicle body characterizing ride
discomfort occasioned by unevenness were compared accor-
ding to Slovak standard STN ISO 2631-1.

The calculations and simulations were executed by using of
the special software developed in University of Zilina [1] and
with the CarSim Education program developed in University
of Michigan [9]. The vehicle parameters correspond to Skoda
Felicia car what is widespread in Slovakia.

The response depended on amplitude and wavelength by
three ride speeds were detected for harmonized unevenness
generated by simulation and described by IRI. Three maximal
speeds permitted on the Slovak roads were used. The results
for speed 90 kph will describe. From Fig.11 is definite, which
wavelength activated maximal oscillation of the vehicle.

There are the wavelengths that are the most unfavourable
for passenger comfort. For declared vehicle and speed 90 kph,
itis 2.3 mand 18 m. For 60 kph speed, itis 2.1 mand 12 m and
for 130 kph speed 3.3 m and 27 m. The model response on har-
monize unevenness is linearly depending on amplitude value.
The relation between vehicle response and IRI was evaluated in
next. The relation between acceleration a, and IRI, correspon-
ding presented wavelengths with amplitude A=1 cm and speed
90 kph are showed in Fig. 12.

Following to analyze we can claim the values of the ve-
hicle body acceleration increases with growing of IRI only to
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Fig. 11. The dependency between acceleration, wavelengths and am-
plitudes for 90 kph speed
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Fig. 12. The dependency between acceleration, wavelength, and IRI
for 90 km/h speed

specific point. This point corresponds to specific wavelengths
depended on the speed. Decreasing tendency despite of IRI
growing was observed after this point. On the Fig. 7 are these
relations extensive about next points, which responsive higher
amplitudes. The relation tendency shows a basic trend of points
that delimited an area of maximal discomfort by minimal IRI
values. The line by basic points group was interleaved for de-
termination of the relation between IRl and a,. The other points
lying below tendency are irrelevant from comfort evaluation
point of view. The upper values of IRI respond the lower values
of the response. The points above this group (by speed 60 kph)
respond the great wavelengths (more than 30 m), which do not
exist on the roads with maximal speed 60 kph. Therefore, we
can ignore them.

The Fig. 13 shows determined relation between IRI and ve-
hicle response characterized by vertical acceleration a,, found
from a fitted line equation of basic tendency of the points.

The points out of basic tendency confirm that equal value of
IRI can describes more unevenness evocated different respon-
se. These points have identical amplitude but different wave-
length, what means lower value of acceleration for higher IRI.
The visible is also that during high speeds a shining oscillation
of the vehicle origins for low IRI value. This fact is determined
by overvaluation of the short wavelengths and undervaluation
the longer wavelengths by reference model of a car quarter. In
addition, IRI is calculated for speed 80 kph so for higher spe-
ed the differences are more (Fig. 14). However, we must take
into consideration that the simulation was realized for harmonic
unevenness that occur in real condition in minimal range.
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a, = 065IRI
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Fig. 13. The relation of acceleration on IRI for 90 kph
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Fig. 14. The comparison of response for different speeds of reference
and real model

According to obtained relations, the scale of IRI evaluation
depends on safety and comfortable was analyzed. The results
show that critical rank of evaluation of real response to uneven-
ness is wavelengths corresponding with resonant frequency of
car unsprung mass. The reference model declares lower values
of acceleration of the sprung mass as real car model. The values
are two times more for speed 90 kph and four times more for
speed 130 kph. Depend on analysis of the harmonic uneven-
ness, the simulations realized on the real road sections was ta-
king into account for design of IRI classification scale.

The important characteristic of ride safety from point of
view of longitudinal unevenness is the vertical strength F, on
the contact between vehicle and surface. The moment of mini-
mal value was observed. The determined relation is presented
on Fig. 15.
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Fig. 15. The dependency of dynamic strength F_on IRI for speed 90
km/h
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The strength F, has decreasing tendency with increasing of
IRI. The different values of F_ for identical IRI value are po-
ssible to achieve alike for acceleration. During simulation of
harmonic unevenness and speed 60 kph the loss of contact does
not occur. On the other hand, during speed 90 kph and 130 kph
the F_achieved the zero value yet for low IRI values. The dan-
ger is not only a loss of contact but a low intensity of /7, too. An
intensity of the vertical strength has influence to the stability of
a car in horizontal curve and to the breaking distance, too. The
differences are determined by characteristics of the reference
model. In this case, the generally valid relation is not possible
to establish because each vehicle has different weight so also
different press strength of axle to the road surface. Depend on
presented results the new classification scale for IRI evaluation
in frame of Slovak PMS was proposed (Table 1).

Tab.1 The proposal of classification scale of IRI

IRl [m/km]
Classification scale Urban roads Roads Highways and
expressways
1 <5 <4 <3
2 5-10 4-8 3-6
3 > 10 >8 >6

7. Preferences

6. Conclusions

Presented results are based on the data sample that contents
the real conditions. The research activity on problems of the
interaction between vehicle and surface continues. The analy-
ses of unevenness and skid resistance are in process for results
improving. The verification of the models is verified by next
measurements and simulations. The aim of the research is gene-
ralization of relation between IRI and vehicle response.
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