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Abstract
High speed railway vehicle secondary suspensions are often composed of an air spring connected to a fixed
volume reservoir via a flow restrictor. This work describes the pneumatic suspension models that the authors
have developed to predict passenger comfort indexes. These models are used to determine optimum restrictor
diameters for different railroad types and different vehicle speeds. Rail vertical profiles are generated as
samples of ergodic random processes of given spectral density. Different rail quality levels can be attained by
modifying parameters in a spectral density “template” expression. These samples are functions of distance
(along the track) and can, therefore, be traversed at any speed. The numerical integration of the dynamic
model excited by a given rail vertical profile allows us to determine comfort indexes according to EN 12299
standard. The numerical analysis just outlined is conducted for several rail quality levels, several vehicle
speeds, and several restrictor diameters. Optimum diameters are obtained for any quality-speed combination.

1 Introduction

Railroad vehicle secondary suspensions are often pneumatic systems like the one shown in Figure 1. The air
spring is often in series with an emergency rubber spring that would become the main compliant element,
should the air pressure drop in emergency situations. Some configurations for high speed passenger railroad
vehicles also include a primary suspension composed of a metallic spring and a viscous damper as shown in
Figure 1.

The behaviour of the pneumatic and rubber components of the suspension need to be modelled in order to
determine passenger accelerations when traversing a railroad of given profile. Thermodynamic models have
been proposed to describe air spring – restrictor – reservoir systems [6, 3, 9, 5, 17, 18, 12], but there are two
key ingredients of these models that are often provided without experimental support. Namely, the polytropic
indexes for the air in the air spring and the reservoir, as well as the flow behaviour through the restrictor. The
authors have experimentally characterised these two aspects of thermodynamic models ([16]). The main
findings of this work will be abridged, for completeness, in Section 2. Likewise, the work to characterize
and model the rubber spring will be succinctly presented in Section 3.

These models, along with the capability to numerically synthesise rail profiles of given power spectral density
(PSD), allow us to simulate the behaviour of the suspension for different restrictor diameters, different rail
quality levels, and different speeds. The simulated suspended mass accelerations can be filtered according
to ([20]) to determine comfort levels. Maps of comfort level versus speed and PSD (as specified by some of
the parameters on which it depends) for several restrictor diameters serve as an optimising tool to determine
the most appropriate diameter for a given speed-PSD combination.
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Figure 1: Suspension configuration schematics

2 Pneumatic system

The main findings of [16] will be presented in this section. In order to simplify the characterization of the
pneumatic system, pressure and temperature in the entire volume of the air spring are considered uniform at
any time. Likewise, pressure and temperature in the reservoir are also assumed uniform. Air behaviour is
considered ideal and the fluid flow through the orifice is described as an experimentally fit functional relation
between mass flow rate and pressure difference. The ideal gas relations are written as

ps
ρs

= RgTs
pr
ρr

= RgTr (1)

where Rg is the gas constant for air, p is pressure, ρ density, and T is temperature (subscript s refers to
spring, and r to reservoir). If polytropic indexes could be defined and found for the air in the spring (ns) and
the air in the reservoir (nr), then

ps
ρns
s

= cs
pr
ρnr
r

= cr (2)

where cs and cr are constants determined from the initial conditions. Since the gas leaving the spring has to
reach the reservoir, continuity reads

− d

dt
(ρsVs) =

d

dt
(ρrVr) (3)

where Vs and Vr are the spring and reservoir volumes, respectively, though only the latter is constant. Mass
flow rate is a function of pressure drop that can be written as

d

dt
(ρrVr) = f(ps − pr) (4)

where the function f(ps − pr) describes the restrictor and must be experimentally obtained.

Spring force is
F = (ps − pa)As (5)

where pa is the atmospheric pressure;

The system of seven algebraic–differential equations in seven unknowns may be numerically integrated for
any excitation input x(t), given initial conditions ps(t = 0), Ts(t = 0), pr(t = 0), Tr(t = 0), and provided
that Vs(x, ps), As(x, ps), f(ps − pr), ns, nr, pa are known functions and parameters.
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A specific pneumatic system was tested in the laboratory to determine all functions and parameters mentioned
in the previous paragraph. Figure 2 shows the air spring placed in a 100 kN capacity 80 mm stroke universal
testing machine (MTS model 810 fitted with a load cell model 20F-03). Temperature, pressure, force and
displacement are recorded during any single test.

Figure 2: Experimental setup

Four of the six raw signals measured for a very low frequency case (0.01 Hz, 20 mm restrictor diameter, and 6
mm displacement amplitude) are shown as an example in Figure 3. In this example, temperature amplitudes
in the reservoir are larger than one degree Celsius, and about half a degree in the air spring. Therefore, the
isothermal assumption, which has been adopted for low frequency in many previous works, does not seem
accurate in this case.

Density, in both the air spring and the reservoir, may be computed as a function of time from the pressure and
temperature measurements (ρs = ps/(RgTs), ρr = pr/(RgTr)). Figure 4 shows the calculated density (in
the reservoir) obtained from the pressure and filtered temperature signals. Now that instantaneous pressure
and density are available, one may try to infer a functional relation between the two (if it exists).

Polytropic indexes may be obtained from ln p versus ln ρ plots. Figure 5 shows some constant amplitude
loops as an example. The slope of the curve is the polytropic index.

Figure 6a shows the cloud of values for ns, obtained as the ln ps–ln ρs slope described in the previous
paragraph, for several test conditions and as a function of frequency. Each data point in the plot is obtained
for a given displacement amplitude and a certain restrictor diameter, but several amplitudes (from 2 to 6
mm) and diameters (from 5 to 20 mm) are blended in Figure 6a. The plot proves that the influence of these
parameters (amplitude and diameter) may be neglected, since the relative standard deviation (cv) is less than
2.9% for any frequency.

The experimental results show that the polytropic index in the reservoir (Fig. 6b) is approximately 1.2 for
the lowest frequency tested, and drops quickly becoming isothermal (nr ≈ 1) for frequencies above 0.1 Hz.
The polytropic index in the spring is slightly smaller (than nr) for low frequencies and, although it drops at
a lower rate, it also becomes isothermal for frequencies above 0.3 Hz.

Another aspect of air spring – reservoir systems that needs to be characterized is the flow through the orifice
or, more specifically, the relation between pressure difference and air mass flow rate.

The experimental setup lends itself to determine mass flow rate (ṁ) from the temperature and pressure
measurements. Figure 7 shows root mean square (rms) mass flow rate as a function of rms pressure difference
(∆p) for four different orifice diameters (d =5, 10, 14, and 20 mm). The experimental results (circle data
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Figure 3: Example of recorded signals (20 mm orifice, 6 mm amplitude, 0.01 Hz)

Figure 4: Reservoir density (ρr = pr/(RgTr)) and mass flow (ṁ = ρ̇rVr) for 20 mm orifice, 6 mm ampli-
tude, 0.01 Hz.

points in the figure) hint at a functional relation of the type ṁ = Adb∆pc, where parameters A, b and c are
to be determined to minimize error. Returned values of exponent b were not far from 2 while exponent c was
close to 0.5 (b = 1.80, c = 0.56, rmse= 5 10−4 kg/s). This comes as a surprise since it may be taken as an
inkling that the complex (conceivably) compressible flow through the orifice can nonetheless be described

3246 PROCEEDINGS OF ISMA2018 AND USD2018



Figure 5: Air spring pressure vs density (logarithmic scale, 20 mm orifice, 6 mm amplitude, 0.01 Hz).

Figure 6: Air spring (a) and reservoir (b) polytropic indexes as a function of frequency.

by a simple incompressible–flow local head loss. In fact, by imposing a relation of the type

ṁ = πd2
(
ρ∆p

8k

)1/2

(6)

one may obtain the local head loss coefficient k using an average density.

Figure 7 shows the experimental data along with the outcome of Eq. 6 for each diameter using k = 0.677
and an average density (the mean of the reservoir density time averages for all tests corresponding to the
diameter in question). These functions approximate experimental data quite accurately (rmse= 6.9 10−4

kg/s, R2 = 0.9994) except for the case of the 20 mm diameter restrictor. Accuracy may be improved using
a diameter–specific head loss as shown in Figure 7.

This mass flow description, along with the experimentally determined polytropic indexes and air spring
volume as a function of displacement and pressure, allow us to integrate the system of Equations 1– 5 for
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Figure 7: Root mean square (rms) mass flow rate as a function of rms pressure drop.

any given displacement input. It is also possible to include Equations 1– 5 as part of the global system of
equations that describes the behaviour of the system shown in Figure 1.

3 Safety spring behaviour

Figure 8: Rubber spring nonlinear elastic behaviour

The rubber block between the unsuspended mass and the air spring in Figure 1 serves, as mentioned in
the introduction, as an emergency spring which becomes the main compliant element should the air pressure
drop. The mechanical behaviour of rubber is not easily modelled. The main findings of [15] will be presented
in this section. Figure 8 shows the elastic force–displacement curve. The test was conducted “backwards” by
progressively allowing the spring to stretch from a highly compressed stable initial state. The entire test took
10 hours. The waiting allowed for all viscous or frictional effects to be removed from the measurements,
including the very slow stress relaxation.

Figure 9 shows low frequency (f = 0.01 Hz) force–displacement cycles for harmonic displacement of
several amplitudes and the same mean. The elastic curve is superimposed on this plot to visualise the signif-
icance of the added effects. The plot shows that the apparent stiffness increases as the amplitude decreases,
suggesting the presence of internal friction. Viscous effects are, for the most part, removed from the response
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Figure 9: Low frequency (f = 0.01 Hz) force–displacement cycles for harmonic displacement of amplitudes
A = 0.50, 1.25, 3.75, 7.50 mm and mean value xm = 27.35 mm.

since the frequency is very low. These effects were added performing medium frequency and medium am-
plitude tests.

The spring behaviour described and quantified above may be replicated to satisfactory accuracy with the
model in Figure 10, which is composed of three branches: a non–linear elastic branch the force–displacement
curve of which should fit, as closely as possible, the behavior shown in Figure 8; a soft friction branch to
reproduce the dissipation and softening with amplitude shown in Figure 9; and finally, a viscous branch to
incorporate the stiffening with frequency (with a mild increase in dissipation).

Figure 10: Proposed model for rubber spring behaviour

As proven in [15], the model predicts force–displacement behaviour for harmonic inputs of any given ampli-
tude and frequency. It may therefore be incorporated in the general suspension model of Figure 1 to simulate
its behaviour when travelling at a given speed on a specific rail profile.
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4 Rail profile

Railroad vertical irregularities can be measured and decomposed in its spatial frequency content. Some
expressions have been proposed to describe the spectral density of vertical irregularities. For example, the
following expression can be found in [13]:

Sv(Ω) =
Av · Ω2

c

(Ω2 + Ω2
r)(Ω

2 + Ω2
c)

(7)

where Sv is vertical displacement spectral density, Ω is spatial frequency (rad/m), Av a coefficient that may
be modified to represent different levels of irregularities (or rail quality), and Ωc and Ωr are cutoff spatial
frequencies (Ωc = 0.8246 rad/m, Ωr = 0.0206 rad/m). Figure 11 shows Sv(Ω) for six different values of
Av that cover a wide range of rail qualities. These are the values of Av to be used in the simulations to be
presented in the next section.

Random profile samples with a given spectral density may be synthesized with a random phase procedure.
One such sample is shown in Figure 12 as a function of distance along the track (s). Profiles are converted to
time signals when the train speed is selected (t = s/v). Any of these time records is the input displacement
signal for the equations that model the suspension as described in previous sections. The output is the
suspended mass acceleration. Suspended mass acceleration records may be filtered according to [20] in order
to take into account the variable influence on comfort of the different frequencies of which the acceleration
signal is composed. Reference [20] also defines a comfort index that can be used to compare designs,
configurations and conditions.

Figure 11: Rail irregularity Power Spectral Density

5 Comfort indexes

The procedure outlined in the previous sections has been implemented to determine comfort indexes for dif-
ferent restrictor diameters, different train speeds, and several rail quality levels (as represented by parameter
Av). A pictorial representation of the process is depicted in Figure 12. Figure 13 shows comfort indexes
as a function of speed for three different diameters. Each of the three plots of the figure corresponds to a
given Av value (Av = 0.25µm rad, Fig. 13a, Av = 0.75µm rad, Fig. 13b, Av = 1µm rad, Fig. 13c). It
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Figure 12: Rail irregularity sample

comes as no surprise that comfort worsens (comfort index increases) as velocity grows and as parameter Av

becomes larger. Nevertheless, it is worth noticing that the curves for different diameters cross each other at
speeds that depend on rail quality. This result suggests that comfort may benefit from designs with adjustable
restrictor diameters, so that the optimum could be chosen depending on speed and rail quality. Focusing, for
example, on a rail quality for which Av = 1µm rad (Fig. 13c) we infer that a diameter of 15 mm should be
used for speeds below 250 km/h, but a larger diameter (20 mm) should be used for higher speeds. Figure 14
rearranges the data showing comfort indexes as a function of Av for three different diameters. Each of the
three plots of the figure corresponds to a given speed (v = 140 km/h, Fig. 14a, v = 240 km/h, Fig. 14b,
v = 300 km/h, Fig. 14c). For example, when travelling at 140 km/h (Fig. 14a), a 10 mm diameter should
be used for high quality rail profiles (Av below 0.6 µm), but a larger diameter should be used when the rail
profile worsens.

Figure 13: Comfort indexes versus speed, (a) Av = 0.25µm rad, (b) Av = 0.75µm rad, (c) Av = 1µm rad
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Figure 14: Comfort indexes versus Av, (a) v = 140 km/h, (b) v = 240 km/h, (c) v = 300 km/h

Figura 15 shows comfort indexes as a function of parameter Av and speed. A decision map can be obtained
from this figure to determine the most appropriate diameter for each speed–Av combination.

Figure 15: Comfort indexes versus Av and speed

6 Conclusions

The thermodynamic behaviour of pneumatic systems cannot be ignored when simulating the performance
of passenger rail vehicle suspensions. Contrary to what has traditionally been accepted, experimentally
measured polytropic indexes for the air spring and the reservoir tend to isotropic when frequency grows.
Since usual suspension configurations include a rubber emergency spring, the complicated behaviour of
rubber needs to be incorporated in suspension models as well. Comfort indexes have been obtained by
simulating the suspension model traversing a given road profile at a given speed. Results show that comfort
may be improved by devising an adaptive suspension to use different restrictor diameters depending on speed
and rail quality.
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