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Abstract: With increasing emphasis on new soft mobility in urban areas, it becomes more and more
important to provide effective speed control measures for vehicular traffic. Among those, the ones
based on vehicle vertical deflection, namely vertical traffic calming measures, are historically the most
widespread. However, since the basic operating principle of these devices is related to the vertical
dynamic response due to the interaction between the moving vehicle and the road profile, different
vehicles may exhibit different speed behaviors when traveling on a specific road profile shape. As a
matter of fact, recent research provided evidence of this connection, and therefore it has been worth
investigating the dynamics underlying the phenomenon in order to develop a new approach to the
design of vertical traffic calming devices. In this paper, following an initial state-of-the-art review,
an in-depth study on the dynamic interaction between vehicle and road profile has been presented
by means of an ad hoc-developed mathematical model. The proposed simulation model has been
used to evaluate the root mean square acceleration value associated with each vehicle/traffic calming
device/crossing speed. Following the outcomes provided by numerical simulations, an experimental
investigation has been designed and carried out on a vertical traffic calming device. Speed profiles of
different vehicles have been acquired, and preliminary results seem to provide evidence of a different
dynamic response for each vehicle type, yielding the basis to reconsider the design approach of such
devices in order to control urban traffic speed.

Keywords: speed control; traffic safety; vehicle dynamics; speed humps

1. Introduction

Speed management has become a major issue over the past century. For this reason,
more and more often, horizontal and vertical traffic calming devices are installed (for
example, speed humps, gateways, speed bumps, speed cushions, etc.). They force the
drivers to maintain their speed level according to the type of road. However, traffic calming
does not guarantee that speeds that comply with the imposed limits will be maintained.
This has encouraged researchers to evaluate the effects of these devices and determine their
effectiveness based on their size (height, length, gradient, and radius) and shape. Efficiency
is evaluated by analyzing their effectiveness in speed reduction or accident rate reduction.

The first studies have been conducted since 1980 [1,2]. From that period on, the focus
has been on the different devices from various points of view: efficacy studies, standards,
guidelines, etc.

In the current literature review, devices with a vertical orientation were mainly ana-
lyzed, considering experimental and theoretical studies.
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In the experimental studies, before-and-after analyses are carried out, in which the
sites before and after the installation of the devices are compared in order to evaluate the
variation in speed and traffic flows, thus determining the effectiveness of the installed
measurement. Vertical traffic calming devices may have advantages and disadvantages
(noise, vibrations, pollution); therefore, researchers [3–7] have been trying to determine the
geometric parameters, spacing, etc. that make them more effective.

Many studies have shown that, by applying these mitigation measures at sites, various
types of road issues [7–9], such as speed reduction [10–13], reduction of traffic volumes [14],
reduction of road accidents [15–17], and safety concerns for pedestrians [18] due to the lack
of sidewalks or narrow streets, can be effectively tackled.

Depending on the type of device and its geometry [19–24], different speed reductions
are generated [25–30], also due to the different area of influence in which the vehicle
deceleration occurs [31]. This suggests that, to obtain significant speed reductions, the
devices could be installed in series [17]. Therefore, in this way, a speed profile rather than
a spot speed value can be evaluated [32–36]. To obtain the desired speed reductions, it is
necessary to correctly space the devices; in fact, for a shorter distance, lower speeds are
expected since, between a bump or a hump and the next vertical traffic calming device, it
would not be possible to reach high speeds [4,37–40].

Another approach used to evaluate the issue of speed reduction due to traffic calming
does not use experimentation but a theoretical approach that requires complex mathe-
matical or soft computing tools. With these approaches, it is possible to develop multiple
degrees-of-freedom models with the aim of evaluating kinematic quantities such as dis-
placements, accelerations [41,42], or rotation of the vehicle [43] and/or driver [44].

Other, more elaborated models allow for the evaluation of the vibrations transmitted
to the ground [45–47] and their relationship with the road profile [48,49].

Sometimes, to calibrate the theoretical models, the results of the field campaigns are
taken into consideration and then compared with those derived from ad hoc experimenta-
tions [50,51]; this allows to derive the empirical speeds [52,53] and the characteristics of the
vertical traffic calming device and the road [54,55]; thus, by knowing only the layout of the
devices, it is possible to somehow predict the speeds without going through experimental
observations [56–59], in order to reduce deaths and serious injuries [60].

However, interactions between the different road users seem to play a fundamental
role in safety conditions, and studying driver and pedestrian behaviors is essential to
designing measures to reduce the risk of crashes [61]. In this paper, particular attention
is given to raised pedestrian crossings (RPCs), which seem to have great efficiency in
terms of speed reduction and safety for pedestrians compared to other traffic calming
devices [62]. However, according to Loprencipe et al. [63], they require a high value of
vertical acceleration to induce a crossing speed reduction. The aim, as well as the novelty
aspect, is to study the behavior of drivers in close proximity to RPCs in order to take actions
with the aim of increasing pedestrian safety and, in turn, fostering sustainable mobility.

However, summarizing these results, it appears that there is still a need to deepen
the study, such as the vehicle’s and the road profile’s dynamic interactions, with the aim
to better characterize the vibration level in time and frequency domains and to derive
new design criteria based on vehicle mechanical proprieties, on the one hand, and on
geometrical traffic calming layout, on the other.

To this purpose, a new insight comprising the development and calibration of nu-
merical interaction models, helpful in analyzing and understanding real speed profile
data collected through an experimental campaign, is presented and discussed in the
following sections.

2. Methodology

The method proposed is summarized as follows in the figure below (see Figure 1).
The next paragraphs will explain the main steps that need to be followed, as described in
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this schematic flow chart, to better understand the method behind and the peculiar aspects
introduced in this work.

Sustainability 2023, 15, 13381 3 of 18 
 

2. Methodology 
The method proposed is summarized as follows in the figure below (see Figure 1). 

The next paragraphs will explain the main steps that need to be followed, as described in 
this schematic flow chart, to better understand the method behind and the peculiar 
aspects introduced in this work. 

 
Figure 1. Description of the methodology proposed. 

2.1. Vibrations’ Effect on Human Body 
During motion in a vehicle, the body is subject to vibrations. Vibration is a 

mechanical movement around a fixed point propagated as a mechanical wave by means 
of a mechanical medium (such as vehicles and people). 

Waves can be divided into: 
• deterministic, when future oscillations can be predicted from the knowledge of the 

previous waves; 
• stochastic, commonly called random waves, where only some significant statistical 

properties can be evaluated due to uncertainties on several factors affecting the 
vibration phenomenon. 
Deterministic waves can be divided into periodic and nonperiodic; the former, in 

turn, are divided into simple harmonic or multi-harmonic waves, which have the 
characteristic of being able to be represented analytically in a closed form. The latter, the 
nonperiodic ones, on the other hand, can in turn be divided into transient waves or 
shocks. 

In most cases, the waves to which the human body is exposed during work and 
leisure are stationary and nonstationary random waves [64]. 

However, in the real world, it is difficult to encounter vibrations described by a 
simple harmonic wave, so more complex wave descriptions are required. These complex 
waves could be processed by superimposing multiple harmonic waves with different 
amplitudes, frequencies, and phases. This principle is the basis of the Fourier transform, 
in which, given as input a complex signal, the Fourier transform returns as output data a 
frequency response spectrum, which has frequency as an independent variable and 
amplitude as a dependent variable. It allows the writing of a time-dependent function in 
the frequency domain; to do this, it decomposes the function into the basis of exponential 
functions with a scalar product. 𝑋ሺ𝑓ሻ ൌ න 𝑥ሺ𝑡ሻ𝑒ିଶగ௧𝑑𝑡ାஶ

ିஶ  (1) 

Figure 1. Description of the methodology proposed.

2.1. Vibrations’ Effect on Human Body

During motion in a vehicle, the body is subject to vibrations. Vibration is a mechanical
movement around a fixed point propagated as a mechanical wave by means of a mechanical
medium (such as vehicles and people).

Waves can be divided into:

• deterministic, when future oscillations can be predicted from the knowledge of the
previous waves;

• stochastic, commonly called random waves, where only some significant statisti-
cal properties can be evaluated due to uncertainties on several factors affecting the
vibration phenomenon.

Deterministic waves can be divided into periodic and nonperiodic; the former, in turn,
are divided into simple harmonic or multi-harmonic waves, which have the characteristic
of being able to be represented analytically in a closed form. The latter, the nonperiodic
ones, on the other hand, can in turn be divided into transient waves or shocks.

In most cases, the waves to which the human body is exposed during work and leisure
are stationary and nonstationary random waves [64].

However, in the real world, it is difficult to encounter vibrations described by a simple
harmonic wave, so more complex wave descriptions are required. These complex waves
could be processed by superimposing multiple harmonic waves with different amplitudes,
frequencies, and phases. This principle is the basis of the Fourier transform, in which,
given as input a complex signal, the Fourier transform returns as output data a frequency
response spectrum, which has frequency as an independent variable and amplitude as a
dependent variable. It allows the writing of a time-dependent function in the frequency
domain; to do this, it decomposes the function into the basis of exponential functions with
a scalar product.

X( f ) =
∫ +∞

−∞
x(t)e−j2π f tdt (1)

This Fourier transform can only be used for finite signals; in short, the signal must be
summable, therefore the following equation must be considered:

limT→∞

∫ T
2

−T
2

x (t)dt < ∞ (2)
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Vibration can be synthetically described by means of three physical quantities: dis-
placement, velocity, and acceleration.

The magnitude of the acceleration of a vibration can be synthetically expressed in
terms of peak-to-peak acceleration (acceleration calculated as the difference between the
amplitude of the positive peak and the amplitude of the lower peak) and in terms of
peak acceleration (acceleration calculated by measuring just a peak). The acceleration
measure used most often in engineering is the RMS (root mean square) value, which
represents the standard deviation of a digital signal with a zero mean. This quantity can
therefore be calculated as the square root of the mean of the squares of the acceleration
values, that is, the square root of the square mean. For a simple sinusoidal signal, the
peak-to-peak acceleration is equal to twice the amplitude, while the peak amplitude is
equal to the amplitude itself, where the RMS value is equal to the amplitude divided by the
square root of 2.

However, it has to be highlighted that the acceleration measurement values described
so far do not take into account the duration, or rather, the exposure time. With the same
peak-to-peak value, peak amplitude, or RMS, it is easy to understand that the response
of the human body varies according to the exposure time during which the body is sub-
jected to this vibration. More recent guidance seems to suggest alternative measures such
as the vibration dose value, in which the vibration descriptor takes exposure time into
account [31].

2.2. Simulation Models

Vertical traffic calming devices cause a strong vertical acceleration in the transiting
vehicle due to the excitation induced by travel on a localized road profile irregularity.
This acceleration causes a strong disturbance for the driver, who is thus forced to reduce
speed [65,66]. It is evident from the aforementioned scientific literature that in order to
operate an effective and continuous control of the speed of the vehicles over a defined road
section, it is necessary to establish in series a certain number of such devices according to a
specific spacing. However, regardless of the spacing layout to be selected, the evaluation of
the vibration level induced by a vertical traffic calming device is of paramount importance.

For this purpose, it is necessary to evaluate the vertical dynamic response of a typical
vehicle traveling on a rough road surface.

It has to be underlined that this approach is currently adopted in mechanical engi-
neering in order to study vehicle dynamics. Vehicles can be represented as rigid bodies
and/or point masses interconnected with springs and dashpots. The most used model is
the “Quarter Car Model” (Figure 2), a two-degree-of-freedom model where the sprung
mass (one fourth of the suspended mass of the vehicle) is linked to the unsprung mass (that
is, the half axle) with springs and dashpots assembled in parallel (describing car suspen-
sions). The unsprung mass is also connected to the road profile with a spring coupled with
a dashpot in order to simulate the tire’s vertical stiffness.
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However, it has been observed that if the vertical response of a vehicle traveling on a
vertical traffic calming device is concerned, it is not correct to describe this phenomenon
with such models, so it appears more suitable to use a more detailed model, such as the
“Half Car Model” (Figure 3), a four-degree-of-freedom model in which both front and rear
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axles are represented. The reason why a “Half Car Model” is considered is related to the
“wheel base filtering” problem: if a vehicle is moving with a certain speed on an irregular
surface, vibrations are detected by the front axle and then, with a time lag related to vehicle
speed and vehicle wheel base, by the rear axle. This phenomenon dramatically changes the
way the vehicle is vertically excited when moving on a rough road surface and, for certain
speed and wheel base values, could induce some unexpected resonant frequencies due to a
change in the shape of the transfer function between the road excitation and the vertical
load transmitted by the vehicle [45].
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A further insight into riding comfort may consider the insertion of the driver, which,
in turn, can be represented by a lumped mass system (Figure 4). However, it is worth
highlighting that, in this latter case, more information related to the inertial and mechanical
properties of seat suspensions and the human body itself needs to be collected that is not
easily available.
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On these premises, it seemed more appropriate to consider a Half Car Model in
evaluating vertical acceleration. Within this model, the vehicle chassis is considered a rigid
body with its own mass and its own specific rotational inertia. The chassis is connected
to both axles (rear and front) by means of springs coupled with dashpots describing the
suspension system, whereas the axle (described by a point mass) is connected to the road
surface by another spring–dashpot system accounting for tire mechanical properties.

On a computational point of view, for a specific vehicle model, the vehicle motion on
an irregular surface can be easily described through a classical set of second-order linear
differential equations:

[M]
..
X + [C]

.
X + [K]X = F (3)

where [M] is the mass matrix containing the inertial properties of the vehicle, [C] is the
damping matrix containing the damping properties of the dashpots, [K] is the stiffness
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matrix containing the stiffness properties of the springs, X is the vector of displacements
pertaining to each degree-of-freedom characterizing the model, and F is the vector of the
external forces acting on the vehicle (in this case the vertical excitation of the profile).

By making use of the complex notation to describe the displacement of each degree-
of-freedom, the aforementioned set of differential equations can be transformed into an
algebraic set of equations in the frequency domain that can be solved in order to derive the
complex transfer functions (or frequency response function, FRF) between the road profile
vertical excitation and the kinematic physical entities associated with the degree-of-freedom
of the dynamic system itself (i.e., translational and rotational displacement and their first
and second order derivatives).

Once all the relevant parameters (such as the road surface characteristics, the mechanical
and inertial properties, and the speed of heavy vehicles) are known, time histories of the verti-
cal displacement and of rotation sensed in the traveling vehicle are computed by convoluting
the FRF of the vehicle model with the spectral representation of the vertical road profile and
by performing an inverse Fourier transform with the aim of evaluating the time histories.

2.3. Input Data

By analyzing the accelerogram in the time domain, it may be necessary to evaluate
the acceleration in the frequency domain by making a change of variables through the use
of the DFT (fast discrete Fourier transform) in order to evaluate the weighted root mean
square (RMS) of vertical acceleration according to the procedure based on the exposure
threshold for human vibration reported in the frequency domain by ISO Standards [67–69].

Once the most suitable vehicle model had been identified, the travel of four different
types of vehicles, representative of the entire vehicle fleet that can be encountered in an
urban environment, was simulated on several vertical traffic calming devices. The four
macrocategories of vehicles can be summarized as follows:

• Small cars are represented with the designation A;
• Medium-sized cars are represented with the designation C;
• Sedans are represented with the designation D;
• Off-road/sport utility vehicles are represented with the designation E.

The main characteristics of the vehicles considered are shown in Table 1. These
quantities were collected and rearranged from the technical data sheets [70].

Table 1. Main characteristics of the vehicles considered in this analysis.

Vehicle A C D E

Elastic stiffness of the front suspension (N/m) 12,400 12,800 12,950 13,400

Elastic stiffness of the rear suspension (N/m) 10,600 13,800 14,720 17,000

Linear coefficient of kinematic viscosity of the front suspension (N/m) 1550 1600 1618 1675

Linear coefficient of kinematic viscosity of the rear suspension (N/m) 1325 1725 1840 2125

Suspended mass (kg) 893 963 1220 1700

Front unsprung mass (kg) 80 92 105 115

Rear unsprung mass (kg) 72 120 110 130

Elastic stiffness of the front tire (N/m) 165,000 170,000 180,000 200,000

Elastic stiffness of the rear tire (N/m) 150,000 150,000 170,000 200,000

Moment of inertia 1018.76 1284 2313.21 3264

Wheel base length (m) 2.35 2.47 2.69 2.85

Total length (m) 3.70 4.0 4.77 4.80

Tire imprint length (m) 0.12 0.14 0.16 0.2

Length of the distance between the center of gravity of the car and the driver (m) 1 1.2 1.3 1.6
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2.4. Implementation of Speed Humps

The initial objective of this work is to evaluate, for a given profile shape and for a given
vehicle, a relationship that links acceleration level sensed by the driver to actuated vehicle
speed. It is intuitively possible to imagine that acceleration increases with increasing speed,
the height of the hump, and decreasing vehicle characteristics. A careful analysis must
therefore be carried out to understand how the input parameters can vary the acceleration
intended as a disturbance index. In this study, a fleet of private vehicles (described above
in Table 1) representing the traffic spectrum was considered.

A total of 5 types of bumps have been implemented in the model, 4 of which are
parabolic and 1 trapezoidal. Below are the geometric characteristics of each bump:

1. Parabolic speed hump (length 3.65 m; height 0.0635 m);
2. Parabolic speed hump (length 3.65 m; height 0.0762 m);
3. Parabolic speed hump (length 6.70 m; height 0.0762 m);
4. Parabolic speed hump (length 6.70 m; height 0.0889 m);
5. Trapezoidal speed hump (length 6.70 m; height 0.0762 m).

The analyses were conducted in a speed range between 0 km/h and 40 km/h, with a
speed step of 5 km/h for each vehicle on each bump.

Thus, diagrams have been obtained in which acceleration is placed in terms of RMS.
The results for each vehicle on each type of bump are shown below in graphical form

(Figure 5).
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From the graphs, it is possible to deduce how the response in terms of RMS varies
with the variation of the geometric characteristics of the device (height and length).

It should be noted that at the same speed, the device that causes greater acceleration
for all vehicles, in terms of RMS, is the fourth device, with a length of 6.70 m and a height
of 8.89 cm.

It can be similarly interesting to evaluate the acceleration level caused by the same
vertical traffic calming device on different vehicles. To this purpose, RMS diagrams of
vertical acceleration versus vehicle speed have been conveniently derived and reported in
the following figures (see Figure 6).
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It can be observed from these latter diagrams that the vibration-induced disturbance
is very similar for speed values ranging from 22 to 25 km/h, depending on the specific
vertical traffic calming device traveled. For higher speed values, it can be seen that vehicles
belonging to category E and category D receive less “vibrational stress” than vehicles
belonging to category A and category C.

These results seem to provide some theoretical basis to investigate the possibility of
highlighting different crossing speed behaviors according to the specific vehicle category
traveling onto a defined vertical traffic calming device.

To this purpose, a preliminary experimental campaign, which is detailed in the
following, has been carried out on a real vertical traffic calming device located in an
urban environment.

3. Case Study

An application of this research has been developed within a city in Central Italy.
A raised pedestrian crossing (RPC) located close to a university facility was selected

since it was easier to monitor. The vertical shape of the traffic calming device is trapezoidal,
with an overall length of 3.75 m. The location of the investigated vertical traffic calming
device is reported in Figure 7, and in Figure 8, a closer view of the RPC is shown.
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A digital camera located at an elevated point of view has been used to monitor vehicu-
lar traffic at different hours of the day and on different typical weekdays. In order to avoid
errors caused by the experimental setting, the same camera placement and investigator
were employed throughout the experimentation.

In order to derive consistent vehicle speed profiles, it was necessary to define several
equally spaced fixed targets in the video frames (every 5 m) departing from the monitored
RPC along the upstream and downstream directions (see Figure 9).
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Figure 9. Postprocessing video editing to derive speed profiles (red lines represents spaced fixed
targets in the video frames every 5 m).

It was therefore possible to measure spot speeds of vehicles belonging to monitored
traffic flows in both directions of travel, defined in Figure 7 with the letters “a” and “b”.

As far as significant speed profiles are concerned, only “isolated” vehicles were con-
sidered, i.e., only vehicles with headway higher than 15 s with respect to the preceding
vehicle or that were not affected in their run by any side or frontal obstacle or pedestrian’s
crossing. An overall amount of 252 and 229 speed profiles were collected and evaluated
along the “a” and “b” directions, respectively, and speed values were manually derived
from acquired videos.

A sample of such vehicle speed profiles derived from video recordings is conveniently
depicted as follows (see Figures 10 and 11).
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4. Discussion

In accordance with what has been seen in the literature in the previous paragraphs, it
appeared worth analyzing if and how the trend of the speed on the RPC varies according
to different types of vehicles.

In order to highlight the significant difference between crossing speeds of different
vehicle categories, a statistical ANOVA test has been carried out with the aim of determining
whether groups differ from the others or not, i.e., whether the null hypothesis (H1) of the
same speed crossing value should be rejected (if the likelihood of the observed data under
the null hypotheses is low) or not. In other words, ANOVA makes it possible to estimate
the probability of obtaining a difference between the values of the two averages at least as
large as that observed in the sample when the null hypothesis is true. This probability is
called the p-value.

If the p-value is low (p-value < alpha), it can be concluded that the observed difference
between the averages of the groups is statistically significant, whereas when this probability
is high, it can be concluded that the observed difference between the averages of the
groups is not statistically significant. This situation occurs when the p-value is large
(p-value > alpha).

It is essential to remember that as input data, the spot speeds recorded when they are
traveling on the monitored RPC are used (dependent value) to assess how the average of
them was different in order to reject or confirm the theoretical hypothesis that the different
types of vehicles (independent value) produce different accelerations and vibrations at the
passage of the bump and consequently also different crossing speeds.

The following Table 2 reports the values of the p-value (and also other relevant statis-
tics) between the different vehicles.

Table 2. ANOVA of the main statistics for directions “a” and “b”, respectively.

F p Fcrit

Direction “a” 0.671 0.570 2.641

Direction “b” 1.785 0.151 2.645
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As can be observed from the results reported in the aforementioned tables, the results
of the tests do not clearly show the difference between the crossing speeds when traveling
on the RPC between the various types of examined vehicles. In detail, along the “a”
direction, the null hypothesis seems to hold, whereas in the opposite direction (“b”), it is
more questionable.

This may be due to a limitation given by a preliminary, nonexhaustive data collec-
tion that should, in a second phase, be extended to confirm and/or refute the results
thus obtained.

However, having obtained the average spot speed value on the examined RPC, it was
possible to estimate the corresponding RMS parameter (see Figure 12a,b) by making use of
the RMS–Speed relationship derived for the most similar road hump type among those
aforementioned examined (see Figure 6).
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(b) Acceleration level in terms of weighted RMS as a function of average crossing speed (trapezoidal
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These RMS values are shown in tabular form (see Tables 3 and 4).

Table 3. Estimated weighted RMS values of direction “a” based on vehicle average speed.

Type of Vehicles Small Car Medium-Sized Car Sedans Off-Road/Sport Utility Vehicles

RMS [m/s2] 0.159 0.161 0.179 0.190

V [km/h] 21.27 19.93 20.43 21.89

Table 4. Estimated weighted RMS values of direction “b” based on vehicle average speed.

Type of Vehicles Small Car Medium-Sized Car Sedans Off-Road/Sport Utility Vehicles

RMS [m/s2] 0.193 0.203 0.198 0.215

V [km/h] 23.48 22.93 22.14 24.85

The weighted RMS standard deviation for both directions has therefore been evaluated
and reported in the following table (Table 5):

Table 5. Standard deviation of RMS in directions “a” and “b”.

Standard Deviation

Direction “a” 0.0863

Direction “b” 0.0466
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From the values obtained from the standard deviation, it can be highlighted that
although the dispersion of the estimated weighted RMS based on the average measured
crossing vehicle speed is rather small, the weighted RMS may not be the optimal parameter
to estimate the relationship between vibration levels sensed by vehicle occupants and
actuated driver speed when traveling on the RPC. Nevertheless, it is worth noting that
the lowest standard deviation is obtained along the direction (direction “b”), according to
which previous statistical tests provided some evidence towards the rejection of the null
hypothesis (similar crossing speeds).

However, the evaluation of perceived discomfort remains a very complex problem
since several literature studies have shown that a very important factor in characterizing
the effects of vibrations on the human body is their frequency. With the same amplitude
of accelerations, the human body behaves differently since there is a different perception
threshold depending on the frequency itself. This highlighted that stopping to evaluate only
the acceleration as a function of time was reductive; for this reason, the acceleration was
represented as a function of the frequencies, subsequently identifying a single parameter
(the acceleration expressed in terms of weighted RMS).

Numerical simulations obtained taking into account different vehicle categories and
different vertical traffic calming devices highlighted a range of vehicle speeds yielding a
similar acceleration level. As a matter of fact, it is worth mentioning that in the literature,
there are few works that evaluate the speeds according to the category of vehicle that
crosses them, but according to this limited evidence, the crossing speeds on bumps seem to
remain unchanged regardless of the type of vehicle [35,37].

According to these preliminary results, the null hypothesis of similar crossing speeds
cannot be rejected or accepted, and therefore more data will need to be collected in the
future from the same site and from different sites to validate or refute the developed
theoretical approach. In addition, new vibration descriptors such as the vibration dose
value, in which vibration level is also correlated with the duration of exposure as reported
in the ISO 2631 standard [67–69], are worth investigating.

5. Conclusions

Nowadays, with the increasing attention paid to social and environmental sustainabil-
ity, there is a great demand both to reduce vehicles’ speeds and to achieve an acceptable
level of safety in urban areas. With this aim in mind, vertical traffic calming devices seem
to meet these two requirements. Great efforts are made by researchers all over the world
to study the main interactions, which is why, in this paper, as an initial step to frame the
topic, an in-depth analysis of the current scientific literature review is conducted. A side
analysis of the literature review is also conducted on mathematical models that are able
to better describe the phenomenon; based on these scientific evidences, a four-degree-of-
freedom model (also known as the “Half Car Model”), considering the right compromise
between simplicity in implementation and accuracy of outputs, is implemented. With this
model, the weighted root mean square acceleration (RMS), associated with each vehicle
category/traffic calming devices/crossing speed, is evaluated, since the aim of this paper
is to understand the behavior of drivers in close proximity to traffic calming devices.

Attention was paid to vertical traffic calming devices (raised pedestrian crossings and
speed tables) that exploit vertical acceleration; this causes discomfort in the driver, who
tends to moderate the speed below a certain threshold to reduce the vibrational disturbance.
A numerical relationship was then identified between vehicle crossing speed and vertical
acceleration by using a four-degree-of-freedom lumped mass vehicle model to evaluate the
dynamic interaction between the vehicle itself and the vertical traffic calming device.

The final goal was to define acceleration thresholds (that can be expressed in the time
or frequency domain) beyond which the driver feels discomfort. Therefore, a complex
numerical model able to simulate the vibration level sensed by vehicle occupants when
traveling on a specific vertical traffic calming device was developed and calibrated.
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In the following step, a deep dive into a real-life case study, in particular a raised
pedestrian crossing (RPC), is presented in this paper. This vertical traffic calming device
allows for reducing crash risks and speed and increasing pedestrian safety levels in crossing
sections in urban contexts, and for this reason it is essential to study drivers’ behavior.

As shown from the limited literature on this specific topic, at speeds within the
22–25 km/h range, the induced accelerations seem not to vary with the type of vehicle
and type of vertical traffic calming device [35,37]. To gain experimental evidence for such
behavior, a real vertical traffic calming device (a raised pedestrian crossing) has been moni-
tored, and vehicle speed profiles have been collected. Statistical ANOVA tests have been
performed in order to highlight the differences in crossing spot speeds according to differ-
ent vehicle categories, but preliminary results seem somehow contradictory, highlighting
differences between the crossing speeds on the RPC only along one direction.

It is believed that this is due to the limited amount of experimental data collected so
far. It is therefore planned to expand the experimental campaign in order to increase data
collection at the aforementioned site and to extend the investigation to other vertical traffic
calming devices other than the ones monitored.

In addition, it can be argued that weighted RMS may not be the most suitable vibration
descriptor to capture the drivers’ behavior in terms of vibrational nuisance. As a matter
of fact, another candidate descriptor could be the vibration dose value, in which the
vibration level is also correlated with the duration of exposure as reported in the ISO 2631
standard [67–69].

However, it has to be underlined that the developed theoretical approach, partially
corroborated by experimental data, appears to be promising in developing and refining a
true human vibration exposure threshold to be used for the design of new vertical traffic
calming devices other than those currently proposed by national standards.

Based on the different dynamic responses due to different vehicle categories, it will
also be possible to estimate, in advance and in a more precise and reliable way, the cross-
ing vehicle speed distribution according to a specific vehicle fleet characterizing the site
of intervention.
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