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spinola@usp.br The goal of the present study is the developmera spectral method to obtain the
University of Sao Paulo frequency response of the half-vehicle subjectealitieasured pavement roughness in the
Polytechnic School frequency domain. For this purpose, a half-vehidimamic model with a two-point

Mechanical Eninesring Department delayed base excitation was developed to correlétte the spectral density function of the
echanical Engineering Deparimen pavement roughness, to obtain the system spectasfer function, in the frequency
Sao Paulo, SP, Brazi domain. The vertical pavement profile was measuwakuhg two roads sections. The
surface roughness was here expressed in termseofphctral density function of the
measured vertical pavement profile with respecthi® evenness wave number of the
pavement roughness. A frequency response analgsispplied to obtain the vertical and
angular modal vehicle dynamic response with thetatien of the power spectral density
(PSD) of the pavement roughness. The results sheaiv &t low speed, the vehicle
suspension mode is magnified due to the unpavek sagnature. At 120 km/h in an
undulated asphalted road, the first vehicle vibmatimode has a significant motion
amplification, which may cause passenger discomfort
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Introduction are described by; ke, k; and ¢ values. The model is excited by the
road evenness,(t) and y(t), which induces out-of-phase front and

In general, during the vehicle project and desiguetbpment  rear suspension movements, respectively, with a tetay.
phase, the automotive industry utilizes a combamatif design tools

such as vehicle modal response from numerical sitionl (Costa,
1992), laboratory tests with shaker rigs (Boggs090and the

results of experimental field road tests, to fineng vehicle ? c ? 245 b

suspension (Vilela and Tamai, 2005). Despite tlieieficy of the ‘ P

numerical simulations, laboratory and experimetgats are still in ms gr/‘NM‘ i
use, even though being time-consuming, expensigeliamited to s G

the specific road conditions of the test track. @racar vehicle

model with single random input is traditionally dséor spectral

Ky e azg
studies (Barbosa, 2001; Sun, 1998; Cebon, 1999a,S11999). The
complete vehicle model is employed for modal andtr@bd purpose
(Vilela, 2010; Costa 1992). The motivation of thregent work is to L W Y e
extend the power of the analytic tools for the gesof vehicle BN

suspension with the application of the frequencyndion response . M u X
technique to deal with random input of the pavententghness.
One of the contributions of the present study ésdhvelopment of a
half-vehicle model with delayed two-point base &t@n correlated
with the spectral density function of a measuredvepzent The equations of motion are obtained using tagrange
roughness, in order to generate the system spéatraifer function method applied to the lumped rigid bodies. The tiingotential
in the frequency domain. The vertical pavement ifgoivas and the generalized energy dissipation functiores raspectively
measured along two roads sections. The surfacehnasg is given by the following equations:

expressed with the spectral density function ofrtleasured vertical

pavement profile with respect to the evenness wawaber of the

Figure 1. Half-car model.

pavement roughness. This method allows the ideatifin of the 1501 o 1l 51
vehicle dynamic response due to the normalizedmoess density =5 M2 +§JGG Toma TS My, )
distribution (or a measured pavement roughnessadiress the
passenger comfort and vehicle safety due to theerpanmt/tyre 1 1
contact load. V =2k (23+b8-7 ~li)? + 2k (23 -0~z ~lo) +
, (@)

VehicleModding % k(7 — Uy —0)? +% ko (2 = Uy =130)°

The dynamic vehicle behaviour was accomplished wfitd
traditional half-car vehicle representation (Suf0?). The four- 1 . , 1 . )
degree of freedom lumped parameter model describiheyant R:ECf(z3+b9_zf) +Ecr(z3_b9_zr) +
motion was adopted as shown at Fig. 1. The veliotly is free to 3)

move vgrtlcally in the gzdirection and to acquire an angular. motion =g (z -)% += (2, ~U,)?
@ associated with masssmand moment of inertiag) respectively. 2 2

The front and rear suspension connections areitledcby spring-

damper properties (kg, k- and ¢). Here m and m are the vehicle Substituting the partial derivatives of the abogeations to the
unsprung mass with the correspondent tyre stiffraess damping Lagrangeexpression given by
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d(aT) oT .oV . oR _
—| — |-+t —*+——=Q (4)
dt{dg ) ogq Odq 9g

one obtains the following four differential equaiso

mZ + (7 —t) + k(z W) - 5)
G(2-bO-17)-k(z-b6-2)=0

MpZy + Cp(Zp —Up) + Ky(Zp —Up) = ©)
G(Z-cO-2)-k(z-c0-2)=0’

MyZg+ G (Z3+bO - 2) + k (z3+bO - 7) + @)
G(3-CO-2)+k(z-cO-2)=F,
J,0+bc (23 +b8 - 7) +bki (3 + b6 - 7) + @

cG (z3-cO-2,) +ck (z3—c-2,) = Mt

Table 1 shows the adopted values for the vehickstia
suspension elasticity and dissipation. These vaduesypical of a
medium sized passenger car (Barbosa, 2001).

Table 1. Half-car properties.

Element/Charaq. Vehicle Body | Suspensior Hub/TYrd
Mass 750kg | @ - 30 kg
Inertia moment 360 kg M
Rigidity® | - 18.25 kN/m| 150 kN/m
Damping |  --- 912.5 Ns/m

Obs.* individual properties® rigidity depends on the tyre pressure.

The modal system properties are described by fowpled
vibration modes due to the non-diagonal constitutid the system
matrix. The vehicle modal response has four natutanped
frequencies around 1.0~2.0 and 12 Hz, respectialy.the body
modes (front and rear end bounce), as shown in Figlamping
factors are 0.14 and 0.26, respectively, as predent Table 2. For
the suspension modes, associated with the unspnass of hub
and tyre elasticity, damping factors are around @& presented in
Table 3.

front end bounce rear end bounce

Figure 2. Vehicle coupled modes (front and rear end bounce).

It should be noted that the suspension frequen@bauit one
decade above those from the vehicle modes.

The normalized modal Eigen-vectors obtained froendyiamic
matrix are shown in the following tables.

Table 2. Vehicle modal properties.

Mode Number Mode 1 — vehicle front Mode 2 — vehicle rea|

end bounce end bounce
Ngig‘;’ﬁfeq 1.03 Hz 1.88 Hz
Damping Facto 0.144 0.261
D. Freedom Mag. Phase Mag. Phage
7z 0.0000 -305.87° 0.0000 -307.44°
2 0.0002 -203.91° 0.0002 -204.9¢°
Z 0.0134 -101.95° 1.0000 0.00°
g 1.0000 0.00° 0.0136 -102.49°

Table 3. Suspension modal properties.

Mode 3 — in phase | Mode 4 — out of phas

3

Mode Number

wheel/hub wheel/hub
N;ﬁg‘;’ﬁ‘r’eq 11.72 Hz 11.86 Hz
Damping Facto 0.216 0.207
D. Freedom Mag. Phase Mag. Phage
z 0.0842 -105.13° 0.9880 180.00p
2 0.9964 0.00° 0.1523 81.712
Z 0.0006 -315.41° 0.0235 -16.57¢°
g 0.0842 -201.27° 0.0036 -114.84°

By taking theLaplace transform of the system equations and
assuming zero initial conditions (Felicio, 200®embtains the four
following equations:

[MS + (e + G )s+ (K +k )] Zi(S) — (G s+Kp) Z(s) +
(bgs+bk )O(s) = (Gs+k)Uy(s) ’

[mps® +(Co + G)s+ (ko + KT Z(S) ~ (g 5+ k) Za(s) +
(ces+ck)O(s) = (GS+ko)U(s) ’
[mys” + (G + G)s+ (ke +k)]Z(9) ~ (G S+ke) Z(9) -
(65+k)Zo(9) +[(bg —cg)s+ (bk —ck)]O(s) =F, '
[J65° + (B%0; = Eq)s+ (b —c*)IO(9) - ke st K)Z(9- (g
Cestk)Z(9)+ g5 k)Zs(s) =Mt

One of the contributions of the present work isititeoduction
of the delayed out-of-phase inputs into the vehfobeit and rear
wheels. Considering that the rear wheel runs orséimee track right
after the front wheel, the surface elevation thatipces the vehicle
vertical suspension displacement is given by thmesdunction
which describes the excitation of the front wheelagled in time.
Taking a harmonic function ;(f) as the imposed vertical
displacement of the front wheel, then the rear whletayed input
Uy(t) can be expressed as:

Up()=ut-T), where u(t)=u(t)= Asin(wt)  (10)

In the above equatio is the angular frequency given by
w=2nV, /A andT is the time delay given by = L/V,, whereL

the inter-axis distancey, is the vehicle speed anl is the
wavelength, (see Fig. 1).
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The Laplace transformation of the front wheel ahé tear
wheel input functions, considering the transforoatbf the delayed
function are respectively given by:

U1(s) = £[w(1)] and Uy (s) = £lu,(t)]

where U;(s) = U(s) and U,(s)= U(9e™® (11)

Upon the substitution afl(s) into Eq. (11) and the elimination

of Z, and Z, from these two equations, and after some algebraic

manipulation to get the vertical and angular mcatiof the vehicle
body over displacement excitatids(s) relationship, the following
transfer functions for the vertical and angulaptiisements can be
obtained:

Z3(s) _
U(s)

IO

and =
U(s)

H2(9)

Ho(s) (12)

The displacement frequency response functieRF) is known
as receptanci(s). However, considering a periodic input, thera is
simple relationship between acceleration and digplent, since
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rear end bounce at 1.88 Hz, wheel at 11.7 Hz). tRerangular
mode, the peaks occur at 13.9, 27.8 Hz etc. (gpedki

Frequency Response (Speed 120 km/h)
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Figure 4. Vehicle inertance frequency response at 120 km/h (m®).

l(t) = —szsin(wt) . The acceleration frequency response function

It should be pointed out that for a speed of 86hk{24 m/s) and an

known as inertancé(s) can be obtained. Analyzing the systeMiner axje distance of 2.4 1, is equal to 0.1 and, therefore, the next

vertical and angular forced movements in the fregyedomain

vertical hump is one decade above the frequenthedirst mode.

response, replacingwith (iw) and assuming the vehicle properties

presented in Table 1, the frequency response martdunction
I(iw) can be obtained as:

Iy, () =w’H, (iw) and |g(iw)=w’He (@) (13)

The vertical (IZ3) and angular (,) vehicle modal transfer

function depends on T that is a speed functign=(L/V, ). The

inertance function for the coupled vertical and wagvehicle body
motions is shown in Fig. 3. Therefore, tARF shape will be speed-
dependent as can be observed in Fig. 3 for 25.6 Kiml m/s) and
Fig. 4 for 120 km/h (33.3 m/s). In both cades, 2.4m.

Frequency Response (Speed 25.6 km/h)

T

agnitude

-

requency (Hz)

Figure 3. Vehicle inertance frequency response at 25.6 km/h (m3).

Humps can be noticed in tHRSD curve shown in Fig. 3 due to

the inter-axle distande (2.4 meters) at a vehicle speed of 25.6 km/h |

(7.1 m/s). For the vertical mode, these humps oatewery integer,
resulting in peaks at around 1, 3, 6, 9 Hz. Theahfréquencies are
identified with a circle in the figure (front endince at 1.03 Hz,
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Pavement Roughness M easur ement

Two sections of road surface irregularities weregualty
measured in the present work. The first section avds4 km long
road of rustic soil covered with gravel (unpaveddp The second
section was a 2.0 km long of asphalted road of lgjghlity. The
pavement roughness was measured with the 3-poddteachord
measuring device. This system is composed of thueeels and a
displacement sensor. The two external wheels @ered and the
central one is articulated with regard to the athér conventional
car pulls the measuring system along the road miegsthe track
evenness. The central wheel vertical motion is $egngvery
centimeter by an analogic to digital sample boarstalled in a
portable computer. The data acquired are storedagnetic media
for post processing purposes (Pavimetro, 2009).

The measured data are treated with the devicesystnsfer
function, to obtain the topographic vertical elématof the road
surface roughness, as shown in Fig. 5 for the wpavad. In this
case, ten points per meter were sampled (one saahpeery 0.1
meter). Wavelengths up to 200 m were considered.

Road Elevation
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Figure 5. Road elevation (unpaved).
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The results for the vertical elevation of the rgadace roughness o Power Spectral Density (Highway) Paimetros

for the asphalted road are shown in Fig. 6. Indhie, two points per
meter were sampled. Wavelengths up to 500 m wersidered in the
anti-aliasing processes. The result for the aspthathad evenness is
statistically represented by the roughness index (imternational
Roughness Index RI). The meanRI value for this road section is
1.92, classified as level A by th®Ocriteria.

Road Elevation

Pavimetro=

PSD (

Wavwe Length (m)

Elevation (mm)

Figure 8. PSD of the asphalt pavement.

These measured spectra of vertical elevation ofl marface
roughness will be used to calculate the vehicléicerand angular

|
|
golf52Pem T:500 meh | Lambda:s00m spectral responses. The intensity of the measuradenpent
1500 2000 2500 3000 3500 roughness is classified, according to the magnitoidéhe power
Distance (m) spectral pattern of the irregularities in an expia fashion with a
Figure 6. Highway elevation (asphalt). particular slope 18O international standard, 1995). Displacement

power spectral density?SD for a road roughness class is obtained

by a logarithm expression in units of:m
The data treatment was performed up to 2048 pairgissample

rate down to 10-2 m. This range allows analyzingelengths as

long as 100 m and down to 0.2 m. This wide rangmjzecedented Sd(n) = Sd(ng) fn/n, }”

in this area considering that traditional measurileyices have a

restricted observable band. where the slope in the log-log curwss fixed at-2 (40 dB per decade).
The unpaved and the asphalted track elevation measmts The spatial frequency dependence t8uaatn, is obtained from:

were further treated to generate distributions \Jemgths of the

periodic irregularities. The spectral density fuoct (PSD in the Sd(n )=4cn+1.0 (15)

range of wavelength between 0.1 to 10 m of the wegpaoad °

vertical elevations is presented in Fig. 7. Thisasueed road section

spectrum has its particular signature with inteedifwavelength

content between 0.4 and 0.9 m.

(14)

wherecn is the class number varying from 1 to 8 (frénto H for
different classes of roads, accordingS®). The +1.0 exponent in Eq.
(15) applies for the mean geometric roughnessgfat 0.1 cycle/m, as
shown in Table 4. It should be pointed out thathiyl quality of the
Pav"‘"f"f“ asphalted road section measured is classifidd@slassA, with a

¥ Sd, wave-length value of 1 meter, given a 26L0° m® for the
geometric mean and IRI (International Roughness Index) of 1.92.
These values were used as vehicle excitation ifréhieency domain.

Power Spectral Density (Soil)

Table 4. Road Class Roughness.

Class Road Stn=1" | Sruseen® | Srmseey)

number (cn Class (x 10° m3) (x 103 m) (mm)

1 A 0.16 0.4 0.4

2 B 0.64 0.8 0.8

3 C 2.56 1.6 1.6

4 D 10.24 3.2 3.2

5 E 40.96 6.4 6.4
Wawe Length (m) 6 F 163.84 12.8 12.8
Figure 7. PSD of the unpaved track. 7 G 655.36 25.6 25.6
8 H 2621.44 51.2 51.2

The spectral density function of wavelength betwgeand 100 Ob.:*: Geometric Mear: rms valuen = 1 meter, fromSO8608.

meters of the asphalted vertical elevation rogatésented in Fig. 8, o ) . )
where the levels of road roughness intensity @e ptesented. The ~ Considering the pavement irregularites as an degod

spectrum of this road section has its intensifiecvelength content Stationary random process, described by the nodhisatibution,
between 30 and 40 meters. the evenness density can be expressed by the resghoot mean
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square value (rms-value). According to the Persewleorem
(Oppenheim, 1975), the rms-value of a normally riisted
random vertical displacement roughness is equtiddsquare root
of the power spectral density. Therefore, by takimg square root
of the previous expression, one gets:

Srus(M) =+/Sd(n) = Sd(n,)Y/2 ffn/n, )?

where the logarithm slop@ changes to-1, which is half of the
inclination ofSd(w) (20 dB per decade).

(16)

Vehicle/Road | nteraction

The vehicle natural behavior is expressed by ieufency
domain response function (Barbosa, 1998). The pamem
irregularities are expressed by its spatial freqygfi/space). In the
present analysis, the road pavement is considenegich surface.
The relationship between time frequeney and the spatial
frequencyn is the vehicle speéd, simply given by:

where w is frequency in Hertzn = 1A is the inverse of the

Roberto Spinola Barbosa

suspension natural frequency range. This effect nifiag the
expected acceleration proneness around 12 Hz, whih cause
discomfort to passenger.

Magnitude

10 H —3— Vertical
— A— Angular
—— PSD Track
10 T T T T T

Frequency (Hz)

Figure 10. Vehicle inertance function to unpaved track (m®).

wavelength in meter and vehicle speed in meters per second. By  Figure 11 shows the magnitude of the density fonctf the

transformingS(n) into the frequency domain, one gets:

S(@) = S{n, ) Haw/ @)” (18)
According to the theory of stochastic process, dhgput of a
linear time-invariant system is a stationary randpiacess if the
input is also a stationary random process. In nuzses, the
pavement roughness could be described as a zerm @aassian
ergodic random process (Newland, 1984). Hencer¢bponse of
the half-car system is also a zero mean Gaussiiorsiry random
process. The relationship between BfeD of the system response
H(w) and thePSDof the system excitatioB(w) is expressed by:

Gy, (@) =|Hy, (@ S(@) and Gy(e) =[Hg(@)’S@)  (19)

where Gz3(w) and Gg(w) are the power spectral densities of the

vehicle vertical displacement responses and thalangesponse of
the sprung mass, respectively.

Surface
Irregularities

S@

Vehicle
Receptance
H(®)

Vehicle Receptance
Response due to tragk
G() = H(@F &)

input output

Figure 9. Block diagram function.

Applying this transformation to the vehicle inertanfunction
Iz, w)andl4(a) , the following expressions can be obtained:

GI23(w):‘a)2Iz3(w)‘28(w) and Glg(w):‘wz Ig(w)‘ZS(w) (20)

The magnitude of the density function of the vaiftiand
angular accelerations of the vehicle riding on tinpaved track at
25 km/h (7 m/s), is shown in Figure 10. It can obed in this
figure that the most severe wavelength contenhefunpaved track
section, which is between 0.4 and 0.9 meters, abéscwith the

306 / Vol. XXXIII, No. 3, July-September 2011

vertical and angular acceleration of the vehicténg at 120 km/h
on the asphalted road.

Frequency Response (Speed 120 km/h)

Magnitude

I

I
— A— Angular |
—— PSD Track |
T |

Frequency (Hz)

Figure 11. Vehicle inertance function in asphalt road at 120 km/h (m?).

A vehicle will be very susceptive to pavement rauegs with
wavelength content in the range about 2.85 and 3MmV / w)
whenever traveling at 120 km/h, which will be detental to the
vehicle performance. Therefore, vehicle suspensioimg process
can be optimized against vibrations and a speeilimaintenance
intervention can produce the best cost/benefit tagitween comfort
and the amount of work.

Summary and Conclusions

A methodology was presented to evaluate vehiclghaoad
dynamic interaction. This methodology is basedtenrhodal vehicle
frequency response function and the statisticatrg#®on of the
geometry of the rough. Firstly, a half-vehicle dyna model with a
two-point delayed base excitation was derived. Selgo two-road
sections surface elevations were measured witheeiadpreferenced
measuring device. The vehicle inertance functios th@n obtained.
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The inertance function is related to the passeocgerfort and can be
used for design purposes. The vertical and angeghicle body
transfer functions were calculated with the surfdtequency
irregularities function in the frequency domairirgsut.

The first measured road was a 1.4 km long sectibraro
unpaved track and the second was a 2.0 km longoeeot good
quality asphalted road. The geometrical data c@tbovas then
processed to obtain a special broadband distribut{avith
wavelengths between 100 m and 0.2 m) in terms ofogie
roughness wavelengths. The wide range of wavelengtius
obtained is unprecedented, considering that thditimaal
measuring devices have a restricted observable. fdr@lmeasured
asphalted road section has an IRl of 1.92 and earléssified
according to I1SO criteria as level A. The measwegaved road
section has a spectral signature distribution wdtncentration
between 0.4 and 0.9 m.

A two out-of-phase delayed vehicle inputs was abersd
corresponding to the front and rear wheel posititnysapplying the
measured track roughness density functions. Thiaimee function
was obtained for the vertical and angular vehiabelyb motions.
Considering the low speed (25.6 km/h), the veh&lspension
mode is magnified due to the unpaved track sigeatim the
asphalted track, at high speed (120 km/h), thé Viekicle vibration
mode has a significant motion amplification, whiamy cause
discomfort to passenger.

The developed methodologies extend the efficientyehicle
numerical simulation tools, with the power of pding vehicle
frequency response analysis due to the pavemegiimess statistically
described. Results allow the evaluation of passatiggomfort.

A more complex model to address vehicle-pavemdrtantion
can be derived based on a simple four degree eflfma system
considered by the present study. Bus, trucks, dsyricomplete
vehicles and other complex suspension types wilhigestigated in
future researches. For these cases, a two-dimeismavement
auto-correlation roughness function will be necessdlso, the
human comfort behavior according to ISO 2631 maynbkided in
this analysis for the complete cycle of vibratiopgagation.
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