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Road Profile Modelling Based on
Measurement for Fire Truck Simulation

The unevenness of the road reduces the life of the vehicle’s suspensions, and the resulting harmful
vibrations can also lead to the failure of other structures. In case of special superstructures like fire
trucks, valuable firefighting equipment can also be damaged. Since there is little available literature
dealing with the vibrations generated during the use of firefighting vehicles, in this research work
a real road profile based on data from geodetic measurements was generated for numerical
simulation. The suspension of the vehicle taking into account the parameters of a heavy-duty
firefighting vehicle was also modelled, and then the effects of road failures using computer
simulation were investigated. The road profile was implemented in the simulations with spline
polynomials and the fire truck was simulated as a full vehicle model. The aim of the research is to
compare the achieved simulation results with data from other vehicle research studies, thereby
achieving more accurate results that can also be applied in practice, contributing to vehicle
design and safe operation.

Keywords: road profile generation, road profile measurement, fire truck, numerical simulation,
vibration

Introduction

Animportant aspect of the vibration simulation of vehicle suspensions is the modelling of the
road as an excitation signal. Vibrations caused by road failures can damage the vehicle and
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the passengers and have safety-related issues.® They impair the controllability of vehicles,®
reduce travel comfort” and can be the main causes of fatigue of individual components,® and
can even cause immediate suspension failure or component breakage.® The road profile has
effects on fuel consumption, tire wear, maintenance cost and vehicle delay costs.™ Most of
the harmful vibrations in vehicles occur while driving, and the road itself is the triggering factor.

The examination of various vibrations on vehicles was mostly carried out in case of pas-
senger cars,” or different trucks,'? and there are only some examples of fire trucks.™ Therefore,
a heavy-duty firefighting vehicle was chosen in our study, because its structural elements
differ from other vehicles, and harmful vibrations can damage valuable firefighting equipment.
The goal is to achieve results that can be used as a basis point for further research and field
measurements.

This paper presents the numerical examination of a heavy-duty fire truck with a random
excitation signal based on road profile measurements. First, a short theoretical overview of
random road profiles is presented which is followed by road profile measurements. Then, the
fire truck model is discussed followed by the simulation results. The simulation results were
compared to the literature and field measurements.

Road profile modelling

In case of vehicle simulations, mostly theoretical or standardised road profiles are used.™
The basis of road profile modelling is the ISO 8068 standard.” The standard takes the power
spectral density (PSD) of the road profile into account. The road profile is calculated with
the following equations.™
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There are several approaches to generate random road profiles based on the standard, which
are white noise filtration, moving average of white noise, sinusoidal approximation, Gaussian
white noise, hybrid approach, Laplace processes and Gaussian random field.”

Lenkutis et al. (2021) compares the white noise filtration, the sinusoidal approach and the
moving average of white noise. In case of the white noise filtration, a white noise signal is
transformed into a road profile through a first-order linear shape filter. This method is easy
to implement but sensitive to the adjustable parameters and the vehicle speed. In case of
the sinusoidal method, the road profile can be generated from a set of sinusoidal waves with
different phases, amplitudes and wavelengths. The advantages of the method are that more
parameters can be controlled, and numerical errors are avoided by obtaining the road profile
height without going through the numerical differentiation. It is the most time-consuming
method and duplicates profile fragments. “The moving average of white noise is a convolution
of akernel function with an infinitesimal white noise process having the variance equal to the
spatial discretization step."”™® This method and the white noise filtration do not duplicate profile
fragments. Tyan et al. (2009) compares the shaping filter and the sinusoidal approximation.
In case of the shaping filter, it was found that the time constant of the transfer function is
independent of the road profile grade. In case of the sinusoidal approach, it was obtained
that the amplitude of each sinusoidal function is proportional to the square root of the
related PSD. In the paper of Dharankar et al. (2017), random road profiles are generated using
white noise filtration and superposition of harmonics (sinusoidal method). The statistical
analysis of the generated road profiles is also presented to evaluate the efficacy of the
presented methods. It was observed that white noise filtration with a low-frequency cut-off
is suitable for random road profile generation but only for particular types of roads. It also
has a large difference compared to the ISO standard in case of low frequencies. The sinusoidal
approximation is a flexible and powerful technique to generate a random road profile from its
spectral description. It provides the generation of the signal with its differentiations without
going through numerical differentiation and therefore numerical errors can be avoided. In the
paper of Agostinacchio et al. (2014), the sinusoidal approach was used to generate random
road profiles. The force exchange between the pavement and different types of vehicles was
examined using Matlab. It was shown that the vibrational stress from the vehicle can be

7 LENKUTIS et al. 2021.
8 LENKUTIS et al. 2021.
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determined as a function of the pavement's surface degradation, and the speed and type of
the vehicle. The quarter car model was used for the simulation.

In this study, the sinusoidal approach was selected, because of the ability to avoid
numerical errors and it is based on the PSD of the road. In this case, the random road profile
can be generated with the following formula:™

N
_ kqn-3 (0 : , 3
h(y) = ZO: VAn2%10 (iAn) cos(2miAny + ¢;) €)

where h(y) is the amplitude of the road profile, y is the displacement, ¢i is a random phase
angle, and k is a coefficient based on the road class (see Table 7).

Table 1: Road profile classification

Road class k
A B 3
B C 4
C D 5
D E 6
E F 7
F G 8
G H 9

Source: Compiled by the authors based on AGOSTINACCHIO et al. 2014: 270.

Road profile measurement

There are several road profile measurement methods. “Most of them measure vertical
deviations of the road surface along the traveling wheel path."?® The types of road profile
measuring equipment can be divided into the following groups: response-type road roughness
measuring systems, high-speed inertial profilers, profilographs, lightweight profilers, manual
devices and longitudinal profile analysers. Nowadays, road profile estimation from the
measured acceleration of the vehicle is spreading. To reduce the inaccuracies from the
measuring device and the vehicle, artificial neural networks are developed to determine
the road profile.?" In the paper of Zhao et al. (2019), a road profile estimation method using
a smartphone is presented. First, the parameters of the vehicle are identified using a known-
size hump. Then the road profile is estimated based on acceleration data measured by the
smartphone using an augmented Kalman filter. The estimated profiles are compared with
a profile measured by a laser profiler. In the paper of Lee et al. (2017), the development of
a 3D profilometer to measure unpaved roads is presented. A virtual road model was also

' AGOSTINACCHIO et al. 2014: 267-275.
20 YOUSEFZADE et al. 2010: 743-754.
21 YOUSEFZADE et al. 2010: 743-754.
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created, which was used in vehicle simulation. In the paper of Eshkabilov and Yunusov (2018),
the road profile is measured using accelerometers installed on the front axle and the body of
acar and a roughometer. For reference, the road profile was measured with a geometry-based
approach too. A 100 m long asphalt pavement road was measured with a sampling frequency
of 0.25 m per 1 m. In the paper of Li et al. (2015), a method of measuring asphalt pavement
texture depth based on structured-light technology is proposed. The 3D data for the asphalt
pavement was collected by laser triangulation using infrared lasers and an area-array camera.
The asphalt pavement texture depth was calculated based on the 3D data.

For road profile measurement the geometric-based approach was selected as it was used
to validate the measurement according to the literature.?? The road profile was measured
using a Leica Disto S910 Laser Distance Meter digital laser meter. The points were measured
in the width of the wheel of the fire truck. The height of the points was measured relative to
a starting point. The device measures the vertical inclination, determines the direct distance
between the gauge and the object, and calculates the vertical distance from the horizontal
baseline by trigonometric calculation (Figure 1).

P

horizontal basicplane

Z x
i
P/

geodetic elevation point'j}

Figure 1: Measurement principle (right)
Source: Compiled by the authors.

The points M-P-P_ stretch the horizontal base plane, which lies on a measured geodetic point.
The instrument places the coordinate system on the first measured point. The x direction
adjusts to the direction of the second point, while measuring the angle of horizontal rotation
(o) and vertical rotation (B). Knowing the vertical angle, the legs of right-angled triangles
can be calculated using the angle function, thus obtaining the horizontal distance (L) and
the height difference (h).

Several technical paramteres can be used to determine the longitudinal surface uneven-
ness of the road surface.

+ International Inequality Index (IRI)

22 ESHKABILOV-YUNUSOV 2018: 24-40.
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+ roughness

+ wavelength

+ longitudinal profile variance
+ spectral density

+ standard deviation

The most common technical parameter is IRl. When determining the wavelength, a 100 m
section was chosen in Germany. In Belgium and the Czech Republic, it is determined using
non-contact technology and a measurement length of 100 m. In the United Kingdom, the
variance of the longitudinal profile is determined by sampling every 10 m.

So, taking the above into account, it can be said that in the case of longitudinal undula-
tions, 10 m sampling is sufficient. We chose 0.25 m, which is already sufficient for vibration
simulation.

The smallest measurable irregularity depends on the measuring instrument. Micro,
macro and mega roughness are distinguished in the literature.?®* The micro roughness refers
to wavelengths smaller than 0.5 mm. The macro roughness is between 0.5 mm and 50 mm.
Finally, the mega roughness means a wavelength over 50 mm.

But taking into account the grain size in the pavement surface, a difference of less than
1cm is not worth showing.

The measured road profile was selected in Nép street in Gy6r. The selected section is
a sixth category road®* with a traffic of 1,500-3,000 vehicles per day and very bad pavement
condition. A 100 m section was selected for measurement and simulations. The measured
road profiles are shown in Figure 2.
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Figure 2: Measured road profiles
Source: Compiled by the authors.

The spatial frequency was large (70 cm), therefore instead of calculating the PSD, a statistical
analysis was carried out to obtain the class of the road. Different road profiles were generated
and then they were compared with the measured road profile. The minimum, maximum and

23 COST 2007: 354; GASPAR—KAROLY 2007: 442-449.
2 GAspAr et al. 2011.
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average values and the deviation were calculated. The measured average value in the case
of the measured road profile should be first corrivated to compare with the generated road
profile. The statistical analysis is shown in Table 2. Based on the statistical analysis it is an
ISO C-D profile, which is a low-quality paved road.®

Table 2: Statistical analysis of the road profiles

k=4 k=5 k=6 Left Left corr. Right Right corr.
minimum (m) -0.0366 -0.0605 -0.1054 -0.0715 -0.0585 -0.0970 -0.0516
maximum (m) 0.0258 0.0598 0.1555 0.0186 0.0316 0.0324 0.0778
average (m) 0 0 0 -0.0130 -0.0454
deviation (m) 0.01450 0.0290 0.0580 0.0180 0.0323

Source: Compiled by the authors.

Vehicle simulation

The vehicle model was based on a Csepel D755-10 fire heavy-duty fire truck.?® As the aim of
the study was road profile modelling and to test it in a simulation environment, therefore,
the fire truck was modelled as a linear full vehicle model to generate 2 different road profiles
to the left and right sides. The model can be seen in Figure 3.

L Lf

Figure 3: Full car model of the heavy-duty fire truck
Source: Compiled by the authors.

% MUCKA 2018.
% HaJpU et al. 2019: 51-62.
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The differential equations describing the system’s behaviour can be obtained with free-body
diagrams.?

ME + Kpps O — Xgpr) + kpgs (0 — Xgpp) + kfrs(xfr - xsfr) + kfls(xfl - xsfl)
+ Crps (X — Xspy) + Cis (X — Xgp) + Cfrs(x}r - xs'fr)
+ cﬂs(x}l - xs'ﬂ) =0
Ip0 + LyKers (rr = Xspr) + Lk (rs = Xor) = Lk prs (Xpr — Xs7r)
- Lfkfls(xfl - xsfl) + Ly Crrs (X — Xgpr) + Ly Cris (X — Xg1) (5)
= Lycrrs(xpr = X5p0) = Lpcpus(xp — x5p1) = 0

. Ws Ws Ws
Iw(p‘l' 7krrs(xr'r - xsrr) + _krls(xrl - xsrl) - _kfrs(xfr - xsfr)
W .
_skfls(xfl xsfl) + Crrs(xrr xsrr) + 2 Crls(xrl xsrl) (6)
Ws

W
> - Crrs(Xpr = Xspr) — 7Cﬂs(x)’l — X)) =0

mrfr + krrs(xsr‘r - xrr) + k‘rls(xs‘rl - xrl) + krrt(xsrr - urr) + krlt(xsrl - u‘rl) (7)
+ Crrs(Xspr = Xpr) + Cris(Xspr = X50) + Crpe (Xgpr — Upy)
+ Crlt(xsrl - url) =0

.. Ws Ws Ws
Ir @T + Tkrrs(xsrr - xrr) + 7krls(xsrl - xrl) + 7 krrt (xsrr - urr)
W .
+ Tkrlt (xsrl url) + Crrs (xsrr xrr) + Crls (xsrl xrl) (8)

WS .
+ 7Crrt(xssr Upr) + C‘rlt(xsrl U) =0

Mm%y + keprs(Xspr = %pr) + Rpis(Xspr = Xp1) + Kpre(Xspr = wer) + kepie (xspr — g1
+ Crrs(Xspr — ) + cpus(xsp — xp0) + cpre(Xspr — upr) ()
+ Cﬂt(xs'ﬂ - u}rl) =0
W,
lrp, + 75 Kprs(Xspr — Xpr) + = kflS(xSfl - xp1) + 2 kfrt (xsfr —uyr)

+75kflt(xsﬂ ufl)+ Cer(xSfT xfr)+ > cris(Xsp1 — Xp1)

ws o (10)
+ 7Cfrr(xsfr Urr) +2 cflt(xSfl —up) =0
where
Ws
Xy =x+Lr9—7(p (11)
WS

27 HORVATH 2006.
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WS
xﬂ:x—Lf0+7¢J

Wg
Xsrr = Xpr — 7 @,

Ws
Xsrl = Xp + o (2%

Ws

Xsrr = X1 — 2 ?,

Ws

Xspr =X + L

(14)
(15)
(16)
(17)

(18)

The mass parameters were taken from the manufacturer’s catalogue. The moment of inertia
of the axles was calculated with CAD software. The parameters of spring stiffness and the
damping coefficients were taken from the literature.?® The parameters used for the simulation

are listed in Table 3.

Table 3: Simulation parameters

Parameter Value Unit
m 14,400 kg
m, 1,480 kg
m, 620 kg
1, 58,000 kgm?
I, 17,500 kgm?
I 250 kgm?
1 160 kgm?
w, 2.2 m
L 0.613 m
L, 3.486 m

o Ko 400,000 N/m
Ky K, 0.613 N/m
Cor Crus 3.486 Ns/m
Cror Cp 20,000 Ns/m
k.. Kk, 1,800,000 N/m
K, Ky, 1,000,000 N/m
Coop Cope 1,000 Ns/m
Cher Ce 500 Ns/m

Source: Compiled by the authors.

2 JlA0 2013.
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For numerical simulations, Maple 17 was used. Rkf45 numerical algorithm was used with
step size 0.01s. A C-D class road with k = 5 was generated. The frequency band was divided
into 1,000 intervals. A 100 m long road profile was generated. The horizontal distance of the
road profile was converted into time as a function of speed, then the excitation signals on
the tires were calculated as third-degree spline polynomials, which were used as mathematical
equations in the simulation (u,, (¢),u, (t)u, (¢),u, (). A time delay was included between
the front and rear suspension:

_Lr+Lf
Y

- (19)
where v is the vehicle's speed. This time delay is 0.3 s if the vehicle speed is 50 km/h.

The vehicle speed was 50 km/h. The displacement of the body and the axles is shown in
Figure 4.
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Figure 4: Displacement of the body (left), front axle (middle) and rear axle (right)
Source: Compiled by the authors.

The maximum displacement is 0.06 m. A time delay between the front and rear axle can be
observed. Besides the time delay, the displacement is similar in the case of both axles which
can be explained by the rigid suspension. The acceleration and the frequency of the body are
shown in Figure 5.

-64 L L L + + ] o l | |
0 1 2 3 4 5 6 055%esr 1 Sieg 10 50
t(s) Frequency (Hz)

Figure 5: Acceleration of the body (left) and frequency diagram (right)
Source: Compiled by the authors.
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The maximum acceleration of the body is 6.359 m/s®. The peak frequency is 1.37 Hz, which
corresponds to the scientific literature.?

This simulation was compared to measurement results.?® The acceleration and the fre-
quency diagram of the measurement is shown is Figure 6. It can be seen that the maximum
of acceleration is larger than in the case of the simulation. This can be explained by the larger
road irregularities for example potholes. Also the parameters were taken from the literature
of a similar heavy-duty truck and were not measured exactly. In the field measurement there
was a longer road segment (around 500 m), while because of the long simulation time in
the simulation it was 100 m. Therefore, not exactly the same road segment was measured
during the field measurement. The accelerometer was also not placed exactly at the centre
of gravity of the superstructure. It can be also seen that the peak frequency is 1.88 Hz, which
is larger than in the simulation. The explanation can be that during the field measurement
more points were recorded. A further research task is to improve the simulation model based
on the field measurements.

m/s2 [m/s2] Peaks
Values:
IDXY

60 11,8750 668.18¢-3
| 0.6+

40
0.59

20 0.44

0.3

-20 0.2

Figure 6: Measured acceleration (left) and frequency diagram (right)
Source: Compile by the authors.

2% GEBRESENBET et al. 2011: 10-19; HASSAN—-MCMANUS 2002: 65-75.
30 More details about the measurements can be found in HAJDU et al. 2019: 51-62.
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Conclusion

In this paper, the road profile modelling for a heavy-duty fire truck simulation was presented.
To generate random road profiles a sinusoidal approach was selected based on road profile
measurements. The road profiles were implemented as spline functions in the vehicle
simulation. The fire truck was modelled as a full vehicle model to generate 2 different road
profiles to the left and right sides. The peak frequency of the vehicle's acceleration is 1.4 Hz,
which is similar to the results of other researches and corresponds to the value found in
the available literature. The use of a full vehicle model allowed more accurate simulations,
therefore a time delay between the front and rear axle was also observed. In the course of
the analyses, a model was established taking into account the parameters of the heavy-duty
firefighting vehicle. It provided a suitable starting point for obtaining accurate simulation
results, therefore, in our opinion, it can be used for testing the suspension system of other
vehicles with special superstructures, such as military vehicles. Further research tasks include
a frequency-based analysis to obtain the harmful effects of road irregularities more precisely
and use other road profile generation methods like white noise filtration. An important
research task will be road profile generation based on field measurement and to improve
the simulation model according to measurements. Other important tasks are to include the
nonlinear effects of the vehicle and to obtain the fatigue damage.
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