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Abstract

Railway track and ground vibrations are considered, with an emphasis on methods of
mitigation (“countermeasures”), for application to wayside disturbance problems.

Original field measurements from two sites in Sweden, as well as borrowed measurements
from Norway, provide vibration results at many points on the track, on and underneath the
ground surface, for a variety of trains, both with and without countermeasures in-place.

Infinite periodic system theory is the basis of track-only and track-ground interaction
models presented.  The repeating element includes the sleeper, pad-fastener, rail, and
either a locally-reacting ballast or a continuous ballast-soil waveguide. The track-only
model is even refined for nonlinear and high-frequency cases.  The models are suitable for
studying countermeasures in the track, or in the foundation (soil-stabilization).  This latter
countermeasure is shown to be effective at low frequencies (of geotechnical interest), but
sometimes counterproductive at audible frequencies (disturbance problems).

An analytical model for hard seismic screens is also presented, to complement the
treatment of ground vibration countermeasures; this is based on physical approximations
which are favored by “high” (i.e, audible) frequencies and soft soils.  Notably,
experimentally observed resonant behavior is explained.

 Keywords: ground vibration, vibration screen, track vibration, railway vibration
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1. Background

Ground vibrations in the vicinity of a railway track may be cause for concern for either of two
reasons.  Firstly, especially at low frequencies, they can have a negative impact on man-made
structures: above all, they can cause instability the track embankment; however, even the
foundations of buildings at the wayside could be damaged in some cases.  Secondly, over a
wider range of frequencies, the ground vibrations may be disturbing to occupants, or disruptive
of sensitive industrial or medical processes, in adjacent buildings.  Part of the disturbance to
occupants, when that is the issue, may be in the form of “secondary sound”, i.e., sound radiated
by surfaces within the building due to the ground vibration.  To refer to these two distinct
aspects of ground vibration problems, they will be referred to as the “geotechnical” and the
“disturbance” or “structure-borne sound” problems, respectively.

Track vibrations, in addition to exciting ground vibrations, can themselves be a problem for at
least a couple of other reasons: (1) radiation of airborne noise from the track; and, (2)
deterioration of track condition (vibrations can for example lead to fatigue cracks in sleepers
where the rail is fastened, or to asymmetrical settlements in the ballast).

Problem extent and relevant levels: ground vibrations.  In Sweden there were, as of 1989,
over 1000 dwellings exposed to levels of railway ground vibration exceeding 1 mm/s (max.
rms) [BANVERKETS VIBRATIONSINVENTERING].  This level causes substantial disturbances to
occupants according to [ÖHRSTRÖM].  This is underscored by Banverket’s selection of this as the
highest level to which a dwelling should be exposed [BANVERKET BVPO 724.001]).  In the vicinity
of new tracks, the even stricter level of 0.4 mm/s serves as a trigger for consideration of
countermeasures. [ISO 2631-2: 1985], concerned with human response to vibrations and shocks in
buildings, gives more frequency specific guidance about acceptable levels:  in the 8-64 Hz
octave band, it gives a “threshold of perception” .2 mm/s, “probable disturbance” at 1 mm/s,
and “moderate disturbance” at .4-1 mm/s; at lower frequencies, these thresholds increase with
decreasing frequency (see figure 1).
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Figure 1.  Awareness threshold and regions of moderate
and probable disturbance as a function of frequency for
vibrations in buildings. The curves are based on the rms
particle velocity without weighting. (Source: ISO 2631-2).

vibrations.  A proposed safe level for “serious” structural damage is very high: 50 mm/s peak
particle velocity.  Nevertheless, much lower levels may be relevant for damage to old and
historic buildings (as low as 2 mm/s), and for more “minor” damage in ordinary buildings (“fine
plaster cracking and reopening of old cracks” [REMINGTON ET.AL.]).

Disturbance problems can also relate to
precision instruments and sensitive
equipment which should operate in low-
vibration environments.  Examples are
electron and optical microscopes,
fabrication processes for microelectronics,
etc. [GORDON] describes curves of the same
form as that in figure 1, but with modified
threshold velocities for disturbance
problems of this type: .05, .025, .0125,
.006, and .003 mm/s, depending on the
category of equipment, for the flat part of
the curve above 8 Hz.

[REMINGTON ET.AL.] summarizes work in the
area of building damage due to ground



2

Fear of damage to historic structures in Stockholm’s medieval quarter “Gamla Stan” has,
incidentally, been one of the obstacles to the building of a new track intended to relieve
overcapacity on the existing lines.

Relevant levels: wayside noise.  Typical maximum noise levels 30 m from the track during
train passages are in the vicinity of about 90 dB(A), for mainline traffic [WOLFE].  [BANVERKET

BVPO 724.001] designates a maximum nighttime level 75 dB(A) outside of residential buildings.

Elements of the problem: ground vibrations.  A complete treatment of the phenomenon of
railway ground vibrations takes account of the chain track-ground-building which are the
source, path, and receiver, respectively.  Efforts to model levels of ground vibrations,
accounting for all three of these elements, include those by [MADSHUS ET. AL.], [JONSSON], and
[HUNT].   In [MADSHUS ET. AL.] a semi-empirical prediction model considers the ground conditions,
train type, line quality and embankment design, train speed, distance from track and building
formation; each of these is accounted for by a corresponding empirical factor, the product of all
of which gives the level in a building.  [JONSSON] has a quasi-static moving load (see discussion
below under “source mechanisms”) on a Timoshenko beam over a half-space, and finally a
numerical model for structural vibrations. [HUNT] describes an infinite vehicle-track-ground-
building system in 2D, excited by roughness on the rail; input models or measurement curves
for some cross-spectra are needed for each component in the chain.

Additionally, there are also models which focus on only one or two of the elements, and which
may be coupled to other models accounting for the remaining element(s).  Some of those
relating to the track or ground, or both, will be discussed below under “source mechanisms”,
“influence of train speed” or “influence of load”.

Behavior of buildings, and modeling, is further from the theme of this thesis and will be more
briefly described; a bit of additional description can be found under “frequencies of relevance”.
Sources on low-frequency vibrations typically indicate greater levels at higher floors in
buildings [HANNELIUS]; this is probably due to whole-building resonances.  Those focusing on
higher frequencies (structure-borne sound) indicate that the highest levels are on lower floors
[LJUNGGREN], [REMINGTON ET.AL.]; one suggested rule of thumb is 3 dB attenuation per floor
[REMINGTON ET.AL.].

Frequencies of relevance: ground vibrations.   The upper frequency limit of interest for
railway ground vibrations is not so well-defined; instead, there is a gradual decline in
importance as the frequency increases.  Many sources, such as [REMINGTON ET.AL.], suggest that
ground vibrations can be relevant up to about 200-250 Hz.  [JONES] notes that secondary noise
due to ground vibrations can be heard in buildings up to about 200 Hz; at higher frequencies the
attenuation along the path through the ground is too strong.

The lower frequency limit of interest depends on the nature of the problem in any specific case.
If the problem is secondary noise, then the limit of the audible band at 18-20 Hz applies. But
direct disturbance from the vibrations themselves continues down through the infrasonic bands;
recalling figure 1, however, the disturbance threshold begins to increase under 8 Hz, so this
might be a practical limit unless the levels are much higher at lower frequencies (as for the
Ledsgård case, see § 3).  For geotechnical problems, interest also goes down to frequencies
under 10 Hz [HANNELIUS].  This is controlled by where in the spectrum the energy is
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concentrated: at Ledsgård, at about 4-5 Hz, for example (see § 3); at other sites with firmer soils
it is usually a bit higher, such as the 12.5 Hz peak described in [SUHAIRY].

Important frequencies between the discussed limits are those for which the buildings are highly
excited, those for which strong source mechanisms exist, or those which correspond to
propagating modes in the layered earth.  Of course, these vary on a case-by-case basis.

Walls and floors typically have resonances in the 20-30 Hz range [JONES]; floor resonances are
the most critical building-related resonances for issues of vibration comfort [MADSHUS ET. AL.].
Windows and doors typically resonate above 40 Hz [JONES]; probably, because these are less
damped than floors, and resonate at frequencies with greater A-weighting, they are the most
critical for secondary noise problems. Entire buildings resonate on their foundations under 10
Hz [HANNELIUS]; [JONES] suggests that about 4 Hz is typical.

Tones measured in buildings can sometimes be related to specific mechanisms of vibration
generation at the track (see “source mechanisms” below).  [DAWN & STANWORTH] measured a tone
in a building corresponding to an observable monochromatic corrugation on the rail. They also
measured a peak at the sleeper-passing frequency (the train speed divided by the distance
between sleepers); this occurs at 32-85 Hz for trains at 80-200 km/h and 65-70 cm sleeper
spacing (typical conditions for Swedish railroads). Also relevant are axle-passing tones
[FORD],[HECKL],[FUJIKAKE],[JONSSON]; [JONSSON] points out that these occur between 2.5 Hz and
12.5 Hz for 90 km/h traffic on Swedish railways.  Wheel flat frequencies of 8-11 Hz (for 90
km/h and 75-100 cm diameter wheels) [JONSSON] can be important as well [JONSSON],[HECKL].

The resonance of the wheel mass on the track stiffness, excited by roughness, and especially
when it coincides with the sleeper-passing frequency, can result in strong tones in buildings.
This typically falls in the range 40-50 Hz [HECKL], [REMINGTON ET.AL.].

Tones corresponding to modes of the track-on-soil layered system will be favorably excited. At
Ledsgård (see § 3.1), for example, there is a strong 2.7 Hz “tail-wave” which appears,
independent of train speed [Bengtsson et al.].

For embankment stability, the resonance of the embankment itself is another important tone.

Tones corresponding to propagating modes in the layered ground are also important, because
they will pass easily to a building from the track.

Frequencies of relevance: track vibrations.  Damage to sleepers, and ballast settlement
problems, are mainly attributed to vibrations in the range 50-500 Hz [KRUSE & POPP];  this ranges
corresponds to the wheel-on-ballast resonance up through the first few sleeper resonances.

For noise problems, the upper limit of interest (of track vibrations) is about 2000 Hz, since the
wheel begins to dominate the noise radiation at higher frequencies [THOMPSON].   The lower limit
is the audible band limit of about 18-20 Hz.  Other important frequencies are any which
correspond to strong tonal corrugations on the rail or wheel (depending, of course, on train
speed), and the track-characteristic pinned-pinned frequency.  This latter, typically around 800-
1000 Hz, corresponds to the first bending resonance frequency of the segment of rail between
two sleepers (with end conditions nearly as if “pinned”, because of the rotation allowed by the
pad while it impedes translation).
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Source mechanisms: ground (and track) vibrations. Quasi-static vibrations are those which
are generated by the constant load of a train moving across the flexible soil-track system.  The
weight of the non-moving train creates a static deformation pattern in the ground; when the train
then moves forward, this deformation pattern passes by any fixed point in the ground; the fixed
point experiences a time-varying displacement, which is the vibration referred to.  This is the
dominant source mechanism up to about 15-20 Hz [JONES & BLOCK].  At very high speeds, critical
speed effects may be important.  Models of this mechanism include those by [MADSHUS ET. AL.]
and others (see more under “influence of train speed”).  Roughness-induced vibration (and
corrugation).  This is vibration due to irregularities of the wheel and rail surfaces, and is the
dominant source of wayside above about 15-20 Hz [JONES & BLOCK].  The classical model is that
of [REMINGTON].  Parametric excitation.  This is vibration excited because the wheel mass passes
over a regular varying track stiffness, where that variation is due to the periodic support
provided by the sleepers.  The vibrations occur at the sleeper passing frequency (and perhaps
weakly at overtones), i.e., the ratio of the train speed to the distance between sleepers (typically
32-85 Hz for Swedish track designs and train speeds).  The phenomenon, which has the
character of the parametrically-excited Mathieu system (a mass on a time-varying stiffness), is
modeled in [NORDBORG]. Sources indicating that this mechanism can significantly contribute to
ground vibrations at the wayside include [DAWN & STANWORTH], [GREER & COLLINS], and [HECKL].
Wheel flats.  This is vibration which occurs because of the impact of an out-of-round part of the
wheel surface against the rail once per wheel rotation; typically 8-11 Hz [JONSSON].  Axle-
passing. These are tonal components of quasi-static vibration (see above) which arise because
of the regularity of wheel passages at a fixed point (the regularity due to regular wagon lengths,
and regular distances between axles of adjacent wagons); typically 2.5-12.5 Hz [JONSSON].

Other source mechanisms: wayside noise.  In addition to wayside noise radiated by vibrating
track components, there is also aerodynamic noise due to the air flow around the body of the
train.  This is first significant at very high speeds, about 300 km/h [MORITOH ET. AL.]; above that,
though, it is potentially very important because flow-acoustic phenomena increase with high
powers of the flow speed (= train speed in this case).

Influence of train speed on ground vibrations.  [GREER & COLLINS] present a detailed analysis
of the dependence of ground vibrations on train speed, which they point out does not follow a
simple law because of the variety of active source mechanisms.  They find a strong speed
dependence at low speeds, and very little speed dependence at high speeds, with the boundary at
about 100 km/h;  [DAWN] makes a similar conclusion, but with a cut-off speed  of only about 30
km/h.  In both of these papers, emphasis is placed on the ratio between the sleeper passing
frequency and the wheel-ballast resonance, giving strong speed dependence near this
coincidence ([DAWN] arrives at a lower speed because the mass of the entire wagon, rather than
just the wheel, is considered to resonate; perhaps the different conclusions are because of
different vehicle suspensions).

For typical operating speeds, the consensus is that overall ground vibrations increase about 4-9
dB (typically 6 dB) per doubling of speed [REMINGTON ET.AL.],[KURZWEIL].  Individual bands can
of course be much more sensitive to small speed changes, due to shifts of characteristic tones
(e.g., constant-pitch corrugation) through these bands as the speed changes.

At very high speeds, the quasi-static generation mechanism can give superseismic effects,
analogous to supersonic effects for aircraft at or above the speed of sound in air.  This occurs if
some characteristic wave speed in the track or earth is low enough that it is of the order of the
train speed.  Although bending wave speeds in the rail are mentioned as a possibility, [HECKL]
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discounts the likelihood of such a coincidence for attainable train speeds.  Rayleigh waves in
very soft soils, on the other hand, have led to a (albeit very few) documented cases of such
phenomena.  Models or discussion of these effects can be found in [BODARE], [KRYLOV], [HECKL],
[TAKEMIYA], [MADSHUS & KAYNIA], [KAYNIA ET. AL.],  and [SHENG ET. AL.].  An example of these
effects is also provided by the Ledsgård site, discussed in §3 below, at which the Rayleigh wave
speed is very low at the same time as there is regular high speed rail traffic through the area.

Influence of load on ground vibrations.  The quasi-static and parametric excitation source
mechanisms are proportional to the load carried by the train [HECKL], explaining why freight
trains are often observed to be the main ground vibration problem in the absence of very high
speed traffic.  Roughness vibration, on the other hand, is believed to depend only on a dynamic
“unsprung” mass (approximately the wheel mass), and are therefore nearly independent of train
load [REMINGTON], [NORDBORG].  [KURZWEIL] suggests a 2-4 dB increase in vibration per doubling
of load, compromising between the various source mechanisms.

High loads (or strains from  high speeds) can also cause non-linear effects: strain-softening of
clay soils [MADSHUS & KAYNIA], and hardening of pads and ballast [DALENBRING],[WU & THOMPSON].

Countermeasures to ground (and/or track) vibrations.  Some of the more important
countermeasures considered in the literature include:

Soft pads (and fasteners). [REMINGTON ET.AL.] suggests that vibrations above 50 Hz decrease
with 6 dB per halving of pad stiffness. [JONES] suggests that this may be an effective
countermeasure for frequencies above 40-60 Hz.  At the same time, it can have
undesirable side effects, such as problems of increased noise radiation [VINCENT ET. AL.]
(see also § 3.2), as well as overstressing of the rail [JONES].

Resiliently mounted sleepers. [JONES] suggests that soft mats under the sleepers may be a
useful countermeasure above 20 Hz. [NELSON] models 9-12 dB reductions above 30 Hz.

Rail grinding.  Reductions of 2-10 dB for normally worn rails, or 10-20 dB for tonally
corrugated rails, can be achieved [REMINGTON ET.AL.]; clearly this would not apply in bands
for which quasi-static or other source mechanisms than roughness are dominant.

Rail welding. Replacement of jointed by welded rails reduces vibrations [REMINGTON ET.AL.].
Track foundation enhancement.  [LINDBERG] discusses piling the track to bedrock, which
reduced the overall vibration level from measured trains by 10 %.  Recalling the nature of
the quasi-static generation mechanism, the firm foundation reduces the moving “static”
deformation pattern of the train.  [KAYNIA ET.AL.] model an embankment stiffening (by a
concrete slab directly underneath), and note that the effectiveness increases with speed.

Widening of embankment. [LINDBERG] discusses how the added mass (nearly a doubling)
from a widening of the track embankment (together with piling to bedrock) reduces
measured vibrations by about 90 % for an ore train, and 50% for a passenger train.

Seismic barriers. These are underground screens, parallel to the track but at some distance
away, which shield buildings behind them by reflecting ground vibrations back towards
the track.  Models include those by [AVILÉS & SÁNCHEZ-SESMA], [BESKOS], [BANERJEE], [AHMED

& AL-HUSSAINI], [HAUPT] and others (summarized in paper 4).
Piling buildings to bedrock. [LINDBERG] discusses this as a way to reduce levels in a
buildings near the track; this is useful for newly built structures near existing tracks.

Foundation mats for buildings.  A soft layer isolates the building from the soil, with
improving isolation as the frequency increases, although at a slower rate than a single
degree of freedom model would suggest [LJUNGGREN].

Vehicle suspension softening. [REMINGTON ET.AL.] mentions two cases where softer
suspensions reduced ground vibrations: 1-5 dB (20-53 Hz) in a case where the final
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suspension stiffness was reduced about 70 %; 10-20 dB (16-250 Hz) in another case with
an unspecified stiffness reduction.

Other countermeasures for wayside noise.  For wayside noise, increasing the pad stiffness
may be a viable countermeasure (but at the cost of increased ground vibrations, sleeper damage,
etc.) [VINCENT ET. AL.]; this will be exemplified in §3.2.

Sound screens, i.e., walls parallel to the track, and wheel skirts (attached to the wagon itself),
are a countermeasure which can, especially in combination, be very effective.  They reflect the
sound radiated by the track and wheel away from listeners behind them.

2. Overview

The work presented in this thesis focuses on propagation of track and ground vibrations, and
especially countermeasures against these.  It does not take up the subject of generation of
vibrations, i.e., source mechanisms, such as wheel roughness, etc.  When considering ground
vibrations, the track and ground are accounted for, but no attempt is made to study the receiver
(buildings).  For track vibrations, the implied application is mainly noise control (possibly track
maintenance to a lesser extent), but the actual radiation of sound is not considered in the
articles; nevertheless, a brief treatment of this is given in § 5.1. Emphasis is placed on audible
frequencies, although the methods presented are in some situations even suitable for infrasonic
vibrations.

Extensive field measurements of track and ground vibrations, and wayside noise, are described.
There were three sets of measurements at Ledsgård (track & ground vibrations), and two at
Norrala (track & ground vibrations, and wayside noise).  These provide a check on the models,
as well as observations of additional phenomena beyond of the scope of the models.  A large
number of points are measured on the track and on/underneath the ground surface, with
differing orientations, for a variety of train types and speeds, and with and without
countermeasures in-place.  The Ledsgård site permits the study of soil-stabilization (lime-
cement columns) as a countermeasure.  The Norrala site permits the study of in-track
countermeasures.  Finally, additional borrowed measurement data from a site in Norway
permits an evaluation of seismic barriers as a countermeasure.

Track vibration is modeled by means of infinite-periodic system theory, where the repeating
element includes the rail, pad-fastener, sleeper, and ballast.  An original feature is the use of a
mirror source to account for vibrations in the second rail, not necessarily in-phase with the first
rail.  The method is exploited to investigate “in-track” measures (changed component design); it
is of relevance to wayside noise.  The range of applicability is up to about 2000 Hz, after which
the wheel begins to be the more significant noise source [THOMPSON]; at frequencies higher than
about 2500 Hz the Timoshenko bending theory used in the model also begins to be inadequate
[KNOTHE & GRASSIE].  Extensions to this, including methodology for  nonlinear problems, and a
high-frequency statistical method, are also developed.

Ground vibration (directly underneath the track) is modeled by suitable modification of the
track model:  the locally-reacting ballast is replaced by a waveguide between adjacent sleepers
which reflects the properties of both the ballast and the underlying soil layers (this is efficiently
accomplished by a frequency dependent “equivalent” half-space with correct surface wave
speeds);  the sleeper model is simplified to a mass, because of the lower frequencies of
relevance.  This method is exploited to investigate countermeasures for wayside ground
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vibration: both the previously relevant “in-track” measures and (especially) a soil stabilization
countermeasure.   Changes in wayside ground vibration levels are assumed to be proportional to
changes directly underneath the track.  The model is applicable for the range of about 20 to 200
Hz.  Higher frequencies lack technical relevance (see section 1), and the modeling would suffer
from the consideration of the sleeper as a mass instead of a beam.  Lower frequencies are
precluded by a physical simplification inherent in the model:  the wavelengths in the ground
should not be too large compared with the sleeper length.

Finally, to expand on the range of countermeasures investigated, seismic barriers (an “outside-
of-the-track” countermeasure) are modeled.  A simple analytical method is presented, which is
mainly useful for audible frequencies in soft soils.   This takes advantage of the resulting short
wavelengths in the ground to justify some physical simplifications:  2-D conditions; dominance
of surface waves; piston motion of the barrier when considering response of the ground; and,
concentration of the surface wave load to a single point on the barrier.  Underground soil-barrier
interaction is to be taken into account in the barrier receptance.

3. Field Measurements

3.1 Ledsgård
A series of field measurements was carried out at Ledsgård, a site along the West Coast line in
southern Sweden, in 2000.  These were jointly undertaken with Mehdi Bahrekazemi and Anders
Bodare of the Department of Soil & Rock Mechanics at KTH, and funded by Banverket (the
Swedish National Rail Administration).  The site was selected due to very high reported ground
vibrations during passages of the X2000 high-speed train, and the plans to counteract these by a
lime-cement columns underneath the track (a  soil-stabilization countermeasure).

3.1.1 Measurement description at Ledsgård
Geotechnical conditions.  The soil layers, and variation of properties with depth, are detailed in
table 1, which [HALL] compiles from various investigations.

Table 1.  Dynamic soil properties vs. depth at Ledsgård [HALL].
Layer Depth,

[m]
ρρρρ,

[kg/m3]
cs,

[m/s]
cp,

[m/s]
E, [Mpa] νννν Damping

Ratio, %
Embankment 0 - 1.3 1900 233 436 268 0.3 4-5

Crust 1 - 1.8 1700 60 300 18 0.479 4-5
Gyttja 1.8 - 5 1260 44 570 7 0.497 4-5
Clay 1 5 - 7 1450 49 1050 11 0.499 4-5
Clay 2 7 - 9 1450 56 1050 13 0.499 4-5
Clay 3 9 – 24 1500 75 1050 25 0.497 4-5
Clay 4 24 - 42 1600 106 1050 53 0.495 4-5
Clay 5 42 - 50 1700 132 1050 88 0.492 4-5

Bedrock 50 -      

Soil-Stabilization countermeasure.  Lime-cement columns were installed underneath the track
during the summer 2000, to mitigate the severe ground vibrations at the site. This is  a process
in which dry lime and cement are pneumatically injected into the clay, and then blended by a
rotating tool, as illustrated in figure 2. Typical column diameters, including those used at
Ledsgård, are 60 cm.  The column depths at Ledsgård vary from 5 to 12 m [ANDRÉASSON], but
columns as deep as 26 m have been used elsewhere [GREEN & SMIGAN].

The resulting column material is much stiffer than the natural soil (the shear modulus typically
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1) Penetration of the 2) Dispersion of lime and cement  3) The manufacturing process is
mixing tool to required into the soft soil. finished. The mixing process
depth. Stages in the dispersion process: continues as molecular diffusion.

a)  Incorporation
b)  Wetting
c)  Breakdown of agglomerates and aggregates
d)  (Distribution)

k/ck/c k/ck/c k/ck/c

Unstabilised soft soil

Firm soil e.g. gravel

Stabilised soil

Figure 2. Lime-cement column installation and development. [LARSSON]

is rapidly attained [GREEN & SMIGAN].  Typical applications for lime-cement column foundations
have been foundations for railway and roadbeds (as in Ledsgård), stabilizing slopes, light bridge
and building foundations, and stabilizing tunnels [GREEN & SMIGAN].

Measurement stages.  The measurements were carried out on three occasions: in May,
October, and December 2000.  In May, the track foundation was the natural soil, so this may be
regarded as a control measurement.  The October and December measurements were then
undertaken to evaluate the effect of the countermeasure.  Since the lime-cement columns mature
over the course of months, the 2 month interval between these measurements also offers the
opportunity to investigate the effect of maturation time.

In the May 2000 measurements, more than 30 receivers were used, as shown in figure 3.
Different types of transducers were placed at different locations in order to acquire a good
picture of wave propagation in the ground. In October and December 2000 the number of
measurement points was reduced, as shown in figure 4,  because of the difficulties encountered
in May managing so many transducers.

Transducers.  The various transducers used are listed in table 2.

Table 2. Transducers used at Ledsgård.
Geophone SM 1A-4.5-280-26
Seismometer MARK L-4A
500 g accelerometer B&K 8318
11 g accelerometer B&K 4371V (charge type)
12 g accelerometer B&K 4398 (current type)
peizoresistive accelerometer MWL C13V1G

suspect quality.  The 12 g accelerometer, a current type, replaced the 11 g type in December,
and the peizoresistive types were not used at all after May.  The 500 g accelerometers were
somewhat more robust, and the geophones and seismometers were extremely tolerant of the
same conditions.  In fact, the seismometers seemed to give good signals even when completely
submersed after a night’s rain.

increases by between 10
and 100 times), and attains
some compressibility (the
Poisson’s ratio changes to
about .3 [BAKER]). These
mechanical properties
mature over a period of a
few months. The
permeability is also
increased, which makes the
column function as a
drainage path, lowering the
surrounding water table.
This has the beneficial
effect of accelerating settle-
ment, so that a stable state

The peizoresistive and the
11 g  accelerometers proved
to be very moisture sensitive.
Because of the adverse
weather encountered in May
2000 in particular, some of
the signals from these
transducers (in May) are of
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Figure 3.  Instrumentation plan May 2000, Ledsgård, Sweden.

500 g  accelerometer

seismometer

geophone

30 m 15 7.522.5

strain gauge

12 g accelerometer

N
to Göteborg

to Malmö

seismometer (horizontal)

Figure 4.  Transducer plan Dec. 2000, at Ledsgård.  The Oct. 2000 measurement plan was the same except that:
(i) there was a 500 g accelerometer instead of the seismometer at 22.5 m, (ii) the horizontal N-S (track-parallel)
seismometer at 15 m was absent, and (iii) the only on-track accelerometer was an 11 g type, at the farthest west of
the 4 positions shown.
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The geophones and seismometers had respective low frequency limits of about 4 Hz and 2.5 Hz.

Additionally (not listed in table 2, but shown in figures 3 and 4), there were strain gauges on the
rails.  These are in pairs, and can be used to obtain axle loads.  Moreover, they are spaced 37.5
cm, so the time delay between their signals can be used for train speed estimates (for traffic for
which speed reports were not available from the driver).

Measured events. Measured sequences included:

1. Specially-arranged passages of  the high-speed passenger train X-2000 at varied
  speeds (80, 120, 150,160,170, 175, 180, 190, 200  km/h) and in both directions, always
  on the west track; the speeds are from on-board instruments (May & Dec.2000);

2. Regularly-scheduled traffic including freight trains, additional X-2000 passages,
  ordinary passenger trains, and commuter trains; these were on both tracks, and in-both
  directions (ordinarily left-hand traffic, but occasionally in violation of this because of
  the temporary closure of the west track for use by the reserved X-2000 or the excitation
  wagon) (May, Oct, Dec 2000);

3. Vibrations excited by shakers acting in phase on each rail of the west track, and
  supported by the special measurement wagon of the Swedish National Rail
  Administration (Banverket); this included various sine sweeps (May 2000);

4. Vibrations excited by falling weights on the ground (May & Oct. 2000).

3.1.2 Results from Ledsgård

3.1.2.1 Control measurements: observed phenomenon
RMS velocities from the May 2000 measurements are presented in figure 5, which shows how
the overall vibration levels vary with a number of parameters: distance from the track, type of
train, and train speed.  All RMS averaging was over approximately 1 s time intervals taken from
the middle of the train passages. Some observations about each of these and some other
measured dimensions are:

Train speed. The amplitude increases at first (80-120 km/h) slowly with speed, and then
(120-160 km/h) much more rapidly. The rate of increase then lessens again (160-190 km/h).
The initial “slow” increase is at a rate of about 7-13 dB per doubling of speed, which is
nevertheless faster than the 6-9 dB suggested by some authors (recall § 1).  According to
[MADSHUS & KAYNIA], which examined speed dependence at Ledsgård, there is a cut-off at 70
km/h, above which quasi-static effects transition into critical speed effects.

A plausible explanation for the rapid increase at even higher speeds is that the train passes
through a critical speed: indeed, the gyttja layer has a shear wave velocity of 44 m/s ≈ 160
km/h (recall table 1), and from the other properties it can be deduced that the Rayleigh wave
velocity for a half-space of that material would be about 40 m/s = 144 km/h.   Theories for
superseismic phenomena such as [BODARE] indicate that the vibration levels should in fact
reach a peak at the critical speed and then decrease again. The continued (although slower)
increase here between 160 and 190 km/h is undoubtedly because the soil layering at
Ledsgård is more complicated than the half-space described in such models, and would
exhibit a number of critical speeds if the train were to be driven even faster.
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Figure 5. Ledsgård, May 2000.  RMS velocity levels vs. distance from the track center, for different trains and
speeds.  All transducers are seismometers.  Results are from single northbound train passages.

Type of train. The typical freight and passenger trains give somewhat higher vibration
levels than the X-2000 when the latter is driven at similar speeds (≤ 120 km/h).  This is of
course explainable by the difference in axle loads. A check of the RMS response of the
strain gauges, which are proportional to the axle loads, gives normalized values of 1 for the
freight train, .77 for the passenger train, and .67 for the X-2000.  The X-2000 at its usual
operating speed of 160 km/h gives of course significantly higher vibrations, but this is, as
explained above, a special feature of the measurement site.  At another site (without the low
critical speed) freight traffic would probably be the greatest vibration problem.  If total
energy per passage had been the criterion, instead of RMS level, freight traffic would be
even more emphasized because the trains are significantly longer (probably, total energy
would be most relevant for geotechnical problems, and RMS level during the passage for
disturbance problems).

Direction of particle motion (not shown in fig. 5). Vertical vibration is dominant over
horizontal (transverse and longitudinal).  The transverse levels are 6 dB below the vertical,
and the longitudinal 9 dB below.   This indicates that most energy is transmitted through the
ground as P-, SV-, and Rayleigh waves (i.e., most of the strains are in-plane), rather than as
SH- or Love waves (anti-plane strains).

Depth (not shown in fig. 5).  The RMS acceleration level at 5 m depth is about 11 dB
below that at the surface (rms acceleration was easiest obtained here because the buried
transducer is an accelerometer). This is one indication that much of the energy propagating
away from the track is in the form of surface waves (in paper 4, the trajectories, which have
some resemblance to the elliptical Rayleigh wave trajectories, are also plotted.
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Distance from the track.  The decay with distance is (as is evidenced by the unequal slopes
between the various curves) apparently a function of speed and load.  The almost flat curve
for the freight train passage strongly suggests propagation by surface waves in nearly 2D
conditions, which may be favored by the low (very subseismic) speed and long train;
surface waves suffer no spreading losses in a 2D half space.  On the other hand, the high
speed X2000 passages have much steeper slopes (about 7-10 dB per doubling of distance at
160 km/h); this suggests that either 2D conditions are less applicable or that body waves are
of greater relative importance as compared to surface waves.  Certainly, the theoretical work
by [BODARE] and others lends preference to the first explanation: that propagation is mainly
by surface waves, but that 2D conditions do not apply ([BODARE] predicts wavefronts which
are far from parallel to the track at high speeds; [JONSSON] discusses how the wave field
reaching a building is “inclined to the railway track normal”).  Other phenomena already
noted (such as the depth dependence) also seem to favor this explanation.

Spectral analysis also lends some insights.  Figure 6 shows the velocity spectrum of a freight
train passage, and an X-2000 passage at 190 km/h (both in May).

100

150

200

250

300

350

0 20 40 60 80 100 120 140 160 180 200

Frequency, [Hz]
Figure 6. Ledsgård, May 2000. Vertical ground vibrations at 15 m from track, measured by seismometer.
   passage of a freight train (about 80 km/h); ---- passage of an X2000 high speed train at 190 km/h.

The highest vibrations are seen to occur below 10 Hz, with an absolute maximum at about 5 Hz
in both cases.  The freight train spectrum also has some very high tones at 17 Hz, 35 Hz, 50 Hz,
83 Hz, 117 Hz, 150 Hz, and 182 Hz, while the X-2000 gives tones at  37 Hz, 50 Hz, 83 Hz, 117
Hz, 150 Hz, and 182 Hz.   Many of these tones are probably electrical disturbances at overtones
of 50 Hz, corresponding to the electrical net frequency, and at sidebands ±17 Hz of these,
corresponding to railway power distribution.  The tone at 37 Hz in the X2000 spectrum is noted,
however, to exactly correspond to the sleeper passing frequency for 190 km/h.

3.1.2.2 Countermeasure evaluation
Comparison of the May to the October or December measurements allows an assessment of the
countermeasure; this is presented in table 3, where the May values are a reference level.  In
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October, there was only one northbound X-2000 passage, and in December there were none at
low speeds, so an average of 3-4 commuter trains for each date is used to complement the table.

Table 3. RMS velocity after soil stabilization (dB ref velocity in
May) at seismometer, 15 m from track.  X-2000 results are from
single passages; commuter train results are averages over 3-4 trains
per measurement occasion.

Train passages Oct Dec
Commuters: 110-140 km/h -10 dB -10 dB
X2000: 160 km/h  -18 dB
X2000: 190 km/h  -19 dB

December. The results show that there is some significant frequency dependence of the
countermeasure effectiveness.  Some bands actually have negative insertion losses, i.e.,
increased vibration levels.  Paper 3 attempts to explain this, as summarized in §4.3.1 below.
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Figure 7.  Insertion loss spectra due to countermeasure (change in level from May to December), as measured by
7.5 m from the track.   commuter trains at 110-140 km/h (average of 3 from May; 4 from December... same
as in table 3) measured by a 500 g accelerometer;   X2000 at 160 km/h (average of 4 from May; single
passage from December) measured by a 500 g accelerometer.  same, but measured by a geophone (limited
to 125 Hz because of apparent high noise levels at higher frequencies).

3.2 Norrala
Measurements were carried out at Norrala on two occasions: June 1999 and August 1999.  In
June 1999, the track was a standard Swedish Banklass 1 type of track, newly installed, which
had only carried construction traffic as of that date.  In August 1999, 55 m of that track had
been replaced by a modified track construction for which a vibroacoustic evaluation was
desired. The modified track differed from a standard track in that:

(1) the sleeper mass was redistributed so that a larger portion was directly underneath
    the rail; the total size was reduced;
(2) the sleeper spacing was reduced to 50 cm, from the usual 65 - 70 cm;

These results indicate that the
countermeasure was beneficial.
The total vibrational energy has
been reduced in all cases.  Figure 7
shows the averaged spectra above
10 Hz (about the lower limit of
interest for disturbance issues),
using measurements from May and
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(3) soft pads were used; and,
(4) a friction-enhancing rail fastener was used.

This is designated as an “in-track” countermeasure in this paper.

The measurement plan, which applied to both measurement dates, is illustrated in figure 8.
Measured quantities included wayside noise, wayside ground vibrations, and track vibrations.
The centerline along which the microphones and ground vibration accelerometers are aligned
bisects the 55 m section of test-track in August.

The only use of results from these measurements (in the attached papers) is for comparison to
the track-only model, in paper 1; this makes use of the standard-track (June) measurements
only.  The modified track results can’t be compared to the models, unfortunately, because the
component parameters have not been investigated (pad stiffness, sleeper bending modulus, etc.).
Nevertheless, the measured changes in track and ground vibrations, and wayside noise, illustrate
tendencies at least.  These changes are shown in figure 9.

Thus, the track modification increased rail vibration and wayside noise, but decreased sleeper
and ground vibration.  The soft pads effectively isolated the sleepers and ground from the
vibrations generated in the rail by the wheel passage.  The energy which would normally have
been led out of the rail remained there, instead, leading to increased sound radiation as well.
The pad change probably overshadowed the other track modifications.
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Figure 8.  Measurement set-up at Norrala.
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Figure 9. Effects of track modification.  ground vibration, vertical velocity 7 m from track (-7 dB rms vel);
---- wayside noise, sound pressure level (+ 3 dB, rms pressure);   sleeper end vibration, vertical acceleration. (-
12 dB rms acceleration); -  - rail foot vibration, vertical acceleration (+11 dB rms acceleration).

3.3 Borrowed measurements from Liersvingen, Norway
Measurement results were also borrowed from Jan Holme and Christian Madshus of the
Norwegian Geotechnical Institute, for use in the validation of paper 4.  The countermeasure in
this case was a screen (seismic barrier).  Details are provided in paper 4.

4. Models

4.1 Common features
Because, at first glance, the papers are seemingly only weakly related, it is of interest to
emphasize the links between them.  Figure 10 shows how the different papers are interrelated.

Paper 3 serves as a bridge between papers 1-2 and paper 4:

(I) paper 3 is strongly connected in method to papers 1-2 (the model of paper 3 is a mere
  extension obtained by adding the ballast-soil as a parallel waveguide), but weakly
  connected in purpose (see below).
(II) paper 3 is strongly connected in purpose to paper 4 (study of countermeasures
  against ground vibrations),  but weakly connected in method  (see below).

The weak connection in purpose between papers 1-2 and 3-4 is that all are ultimately concerned
with wayside disturbances (noise in the first two papers, ground vibration in the latter two).
More correctly, the track vibrations of papers 1-2 could directly radiate noise, while the ground
vibrations of papers 3-4 could indirectly lead to radiation of noise in a building (but the final
production of noise itself is never taken up in any of the papers).
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Figure 10.  Sequence of development in the thesis, illustrating what the links between the papers.  Moving from
papers 1 & 2 to 3 to 4, there is always a jump in some, but never in all, of the aspects illustrated.

Part of the weak connection in method between papers 1-3 and paper 4 is that all include wave
transmission-reflection problems at junctions of intersecting 1-dimensional waveguides.  In
each case the waveguide of direct interest is infinite in extent, while the “obstacle”
(perpendicular intersecting waveguide) is finite; see table 4.

Table 4.  Elements of wave transmission-reflection problem in each of the models
Papers infinite waveguide obstacle # of obstacles

1,2 rail
3 rail & ballast-soil

sleeper ∞

4 ground surface screen 1

In papers 1-3, there are an infinite number of obstacles (sleepers) which are tied together by
Floqet theory, as opposed to the single obstacle (screen) of paper 4.

Additionally, there is another weak connection in method between papers 3 and 4 (even paper 2
somewhat), which results from their emphasis on “disturbance” rather than “geotechnical”
ground vibration problems.  Specifically, the higher frequencies of relevance lead to short
wavelength approximations which considerably simplify the models; this is detailed in § 4.3.

4.2 Track Model
Track vibration is modeled in paper 1 up to about 2000 Hz by means of infinite-periodic system
theory.  The repeating element includes:

1. a portion of the rail as a Timoshenko beam with hysteresis losses,
2. the elastic pad-fastener assembly as a point stiffness with hysteresis losses,
3. the sleeper as a Timoshenko beam with hysteresis losses, and
4. a ballast which is a locally-reacting foundation with viscoelastic damping.

The repeating element itself is actually just the point of intersection of the rail and sleeper.
Portions of rail and sleeper between these intersections are actually wave-carrying links which
do not belong to the repeating elements.

In paper 4 the ground
surface is indeed a 1-
D obstacle because
the entire ground is a
2-D half-space.
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16 amplitudes are identified at the intersection; these are the permutations of the following 4
dimensions:

(bending wave, bending nearfield); (in rail,in sleeper);
(toward,away from intersection); (positive side, negative side of intersection).

There are then 16 corresponding equations:
8 conditions of continuity: (displacement, slope, moment, shear in each the sleeper and the

rail) across the intersections;
2 Floqet conditions: corresponding amplitudes are related by the factor eg, where g is

complex (Re(g) giving attenuation, and Im(g) a phase change), see figure 11;
2 “propagation” conditions: continuation amplitudes (i.e., continuations of the same wave

or nearfield to the next intersection) are phase changed (and very slightly decayed) by the
complex factor γ =kL which merely represents the propagation across the rail span
between the intersections (k is a wavenumber and L the length of the rail span = sleeper
spacing; k is nearly real for waves, nearly imaginary for nearfields);

2 sleeper-end reflections: for the portion of the sleeper outside the rail, the incoming waves
are reflections off the free end of the outgoing waves.;

2 mirror-source conditions: the opposing intersection (i.e., same sleeper, opposite rail) is a
“mirror source”, not necessarily in-phase with the first rail.  Thus, the incoming waves
(on the sleeper, from the middle of the track) have the same amplitude as the outgoing,
but phase shifted for two reasons: (1) propagation across the sleeper between the two
rails, and (2) due to the phase difference between the rails themselves.

× eg

× γ
Figure 11. Floqet and “propagation” conditions,
relating amplitudes at adjacent intersections.

1. At low frequencies, the bending wavelength in the rail λB is very long compared to the
distance L between sleepers.  This implies that within each rail wavelength, there are
several connections to the in-series pad-sleeper-ballast which provide reaction forces;
because the pad is very stiff at low frequencies, the ballast takes up most of the
deflection; the ballast, being very resistive, removes much energy from the rail, resulting
in the high attenuation.

2. At high frequencies, on the other hand, the pad is much softer (spring-like), so that
waves pass more unhindered through the rail, resulting in a low attenuation.

3. At the coincidence frequency of the rail bending wavelength and the sleeper spacing,
the so-called “pinned-pinned frequency”, the rail spans between each sleeper have their
first bending resonance, easily exciting the next bay, and so forth, so that the attenuation
is minimal;  only the slight losses in the rail (in the model and reality) and the actual
finite width of the pads (in reality but not the model) prevent a zero attenuation.

The 16 equations define an eigenvalue problem
for constants g.

An original feature is the mirror source method
for joining the two sides of the track  This allows
the model to study arbitrary combinations of
symmetric and antisymmetric track modes.

Results of the method are presented in figure 12,
where the attenuation a = Re (g) is plotted for a
typical Swedish track, together with the
measured results from Norrala. Some typical
behavior is illustrated:
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4. Additional, less dramatic, attenuation minima occur at sleeper bending resonances
(such as that illustrated); since resonances are simply impedance minima, the ballasted
sleepers provide the least resistance to the rail at just such frequencies.
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Figure 12.  Attenuation in Swedish Banklass 1 track:  vibrating symmetrically (model);  vibrating
antisymmetrically (model);  measured at Norrala (unknown combination of symmetric and antisymmetric).

The method is exploited to investigate “in-track” measures (changed component properties) as
illustrated in figure 13. The sleeper spacing change lowers the pinned-pinned frequency (and a
higher order pinned-pinned frequency appears).  The pad change increases the high frequency
attenuation by more firmly attaching the rail to the ballast.

This model is of relevance for problems of wayside noise, as will be clarified in section 5.1.

Paper 2 provides extensions of paper 1.  Nonlinear track is treated by a finite difference method,
and by a perturbation method adjusting the linear solution of paper 1. A high frequency approx-
imation to the paper 1 solution is also presented; this is a statistical method, in which coherence
effects disseapear with random sleeper spacing and frequency averaging.

4.3 Ground vibration countermeasure models
Each of these models is primarily for application at “high frequencies” in the context of ground
vibrations:  audible frequencies in the range 20-200 Hz.  This frequency band would be of
practical relevance in disturbance but not geotechnical ground vibration problems (recalling the
nomenclature of section 1).  However, if the soil conditions are very soft (leading to short
wavelengths in the soil), the models could then even be useful at the lower frequencies of
interest in “geotechnical” problems.

Modeling using numerical methods at high frequencies is often extremely computationally
demanding, since the mesh size must be less than the order of a wavelength. CPU time
increases with the cube of the number of degrees of freedom, which in turn increases with at
least the square of frequency.  Therefore, fast analytical methods are developed here instead,
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Figure 13.  Track behavior with changed component properties:  reference track (500 MN/m pads, .65 m
sleeper spacing, 2.5 m sleeper length); sleeper spacing increased to 1 m;  track with stiff pads (1000 MN/m)

resulting either in simple formulas (barrier model), or in very small matrix operations (model
for soil-stabilization / in-track countermeasures). The drawback is that they are less general than
numerical models, because of necessary physical approximations. Most of these approximations
are valid for short in-soil wavelengths, which explains the restriction to “high” frequencies.

Another characteristic is that these are (primarily) relative models: they predict an insertion loss
due to a countermeasure, rather than an absolute ground vibration level at the wayside. This has
also contributed to simplicity and computational rapidity.  An exception is that absolute track
(but not wayside ground) vibration levels are available from the model of paper 3, if the
frequency dependent force acting on the rail is known.  This might be available from a wheel-
rail roughness model, such as that by [REMINGTON] for example.

However, Christian Madshus of Norways Geotechnical Institute has suggested that the track-
ground model (paper 3) could in-fact give absolute predictions in the wayside at a new site, if
there is already a known reference site (such as Ledsgård) with measured absolute levels.  Then,
the method is used to find the relative change in vibration levels when the input properties
change from those of the reference case to those of the new site.  This change may then be
added to the measured levels at the reference site to give the predicted results at the new site.

4.3.1 Soil-stabilization / in-track countermeasure model
This model, detailed in paper 3, is intended to predict the reduction in wayside ground
vibrations, at audible frequencies, due to changes in the track or underlying soil.  It can also be
used to make absolute predictions in the track or in the soil directly underneath the track (the
foundation).

The model is a refinement (in some respects) and a simplification (in other respects) of the track
model discussed above in § 4.2.
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The locally-reacting ballast of the track model is replaced by a waveguide parallel to the rail,
between adjacent sleepers, see figure 14.  Thus, energy is transmitted between sleepers both
through the rail and through this waveguide.  The “ground”, this layered system of ballast and
soil represented by the waveguide, is modeled as a frequency-dependent half space, in which
the frequency dependence is chosen so as to give the same dispersion of surface waves in the
half-space as would occur for the actual (frequency-independent) layered medium.

in- &
outgoing
waves & nf

Figure 14. Parallel waveguides: the rail and the ground (ballast + soil)

The ground surface carries both Rayleigh waves (in analogy to the rail carrying bending waves),
and nearfields consisting of body waves (pure p- and s-waves) spreading into the interior and
thereby decaying along the surface (in analogy to the rail supporting bending nearfield
vibrations).  However, unlike the rail, the surface of the 3D ground is ordinarily a 2D rather
than 1D waveguide, which would seem to make it unsuitable for the method.  To get around this
difficulty, the half-space is further restricted to 2D conditions (making the surface itself 1D).
This, however, introduces new problems.  It requires that motion in the ground be independent
of the direction parallel to a sleeper.  This would strictly require an infinitely long sleeper (L →
∞), but it is shown that if the ratio λR / L is sufficiently small (audible frequencies), then the
approximation is adequate (λR is the Rayleigh wavelength on the ground surface).  Moreover,
some of the benefit gained in paper 1 is lost, because only symmetric track vibrations can now
be permitted.

The extra complication in the ballast (and soil) model is partially balanced by simplification in
the sleeper model: it is simplified from a beam to a mass, since ground vibrations are only
relevant up to about 200 Hz (recall § 1).

Because of the restriction to audible frequencies, the predominance of roughness-induced
vibration may be presumed, with the possibility also left open for vibrations due to parametric
excitation at the sleeper passing frequency (recalling the discussion in § 1).  Either of these
result in vibrations of the track (including the soil-ballast system underneath) which are
proportional to point and cross receptances for forces on the rail.  Thus the predicted reductions
in vibrations are identical to reductions of appropriate receptances, which the model can predict.
Finally, the reduction in wayside ground vibrations is assumed to be proportional to changes
directly underneath the track.  The sleeper is no longer regarded as infinite when regarding the
wayside.  A weakness of this argument for soil-stabilization (but not for in-track)
countermeasures is that, with the firm foundation in-place, there is a change in properties from
the stabilized to unstabilized soil which could function as some kind of wave reflector.

The restriction to symmetry is no problem for parametric excitations (which excites only
symmetric vibrations) but could be for roughness.  One merely relies on the expectation that
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symmetric track vibrations would dominate (over antisymmetric) the radiation of Rayleigh
waves to the wayside by some kind of monopole- dipole analogy.

No attempt is made to use the model for parametrically excited vibrations (since, in addition to
the dynamic receptances provided by the model, the static receptance of the track would be
needed as well).

The model explains fairly well the measurement results shown in § 3.1.2.2 as seen in figure 15.
Note that positive insertion loss in this and later plots means that the vibration has decreased.
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Figure 15.  Insertion loss spectra due to soil stabilization countermeasure:  track-ground model;
 , ,  measurement curves (repeated from fig. 7 where details are provided).

Figure 16 shows the results of an in-track countermeasure, a change to a softer pad.
Throughout much of the band of interest, a positive insertion loss (vibration reduction) is
obtained.  This echoes the measurement results from Norrala shown in figure 9.

4.3.2 Barrier model
The purpose of this model, detailed in paper 4, is to evaluate the effectiveness of hard
underground screens; these are the subsoil equivalent of noise screens above the ground.  They
act as reflectors which shield the region behind them from the track region.  Hard screens have
practical advantages over soft screens, such as trenches, which can flood, reduce the ground
water level, and cause undesirable settlements.

The model predicts the insertion loss, i.e., the reduction in ground vibrations across the barrier.
As was also the case for the track-ground model, there are physical simplifications which make
the screen model unsuitable at low frequencies (under about 20 Hz); its most promising
application is therefore disturbance problems rather than geotechnical problems.  Nevertheless,
as shown in paper 4, the lower frequency limit could be pushed down to around 4-5 Hz for soft
soils; this is, as noted in § 3.1.2.1, where much of the energy is created in such environments.
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Figure 16.  Insertion loss spectra predicted due to soft pads (changed from 500 MN/m to 300 MN/m).

The restriction to high frequencies implies short wavelengths in the ground; more precisely, the
model is suitable when these wavelengths are short in comparison to all geometric dimensions
of the problem (except possibly screen thickness).  Some physical simplifications are then
reasonable, which make an analytical treatment of the problem tractable:

1. surface waves dominate at the barrier and at the receiver;
2. energy does not leak underneath the screen or around the barrier ends;
3. the barrier moves nearly as a piston when considering its excitation of the ground, fig.17.
4. the surface wave stresses are nearly concentrated at a single point on the barrier, fig.18.

The transmission efficiency of the barrier, to surface waves, reduces to t ≡ |ΓΛχ|, where Λ is the
point receptance of the barrier at the top (intersection with the ground surface). Γ and χ are
simple functions of the soil properties.  Some computational effort could be needed for Λ,
however, depending on the complexity of the receptance model.  Both lumped-element and
flexible models are proposed.  For the latter, calculation of the dispersion curves (for wave
propagation along the barrier) of the 3-layered soil-screen-soil system is where some
computational effort is required.

The model of the screen satisfactorily explains, among other things, the results measured at
Liersvingen, as shown in figure 19.

5. Countermeasures

5.1 Noise
The range of applicability of the track model, for wayside noise problems, is up to about
2000 Hz, after which wheel radiation begins to overshadow track radiation [THOMPSON].

The rail’s contribution to the time-averaged sound pressure level I of a train passage is shown in
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Figure 19.  Insertion loss near railway track, due to lime-cement column screen at Liersvingen, Norway.
   ,  measurements (differing measurement points);   prediction by asymptotic theory.

[REMINGTON](§II.A) to be proportional to an integral of the squared vibration amplitude over the
length of the rail at a fixed time (stationary process); the constant of proportionality contains the
radiation efficiency and other parameters.  Ignoring the nearfield in the rail at the vibration
source (wheel) and assuming that the vibration simply decays exponentially away from the
wheel with an attenuation constant a per sleeper (see fig.1 above), then the SPL is

≈

χ

stress τxy

Figure 18. Point-loading approximation.  The
distributed stresses from the Rayleigh wave in the
ground are very concentrated, as far as the barrier
is concerned, because its phase changes much
more slowly than the wave decays from the
surface.  The integrated stress field gives the net
load χ.

Figure 17. Piston approximation.  The flexible barrier is
approximated as rigid (because its phase changes much more
slowly than the energy decays from the soil surface), and
infinitely long.  The farfield surface wave solution excited by
the infinite piston has amplitude Γ.
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in which A contains radiation-relevant parameters and the excitation-point amplitude of track
vibration;  ξ is a position along the track.  If a noise control measure changes the attenuation
constant from a1  to a2 , then the ratio of final to initial SPL is a2 / a1 , so that the dB reduction I
in the SPL is identical to the dB increase in the attenuation constant.  Moreover, A is
proportional to the square of the point-receptance α.  Thus,
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When an impact source (e.g., switch, joint, poor weld, etc.) exists on the track, then listeners
(e.g., buildings) at some distance along the track from the source are remote from the vibration
source during the time instant (...of impact) at which the greatest contribution to the time
averaged SPL is made.  Thus, the main contribution to the sound at the listener is radiated by
parts of the track near to him, but distant from the vibration source; insofar as these track
portions are where the vibration is most sensitive to attenuation, then SPL is a stronger function
of attenuation than is the case for rolling noise.  In this case the SPL is
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where h is the distance from the listener to the track, and ξr is the distance along the track from

the listener to the impact source, and 221 h
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Recalling how the Norrala results showed that softer pads led to a noise increase, a stiffness
increase is thus proposed as a countermeasure.  Table 5 shows some predicted reduction for a
standard Swedish track, for an increase of pad stiffness from 500 MN/m to 700 MN/m, taking
account of rail noise only.  Wheel noise, and radiation from the nearfield vibrations in the rail
near the wheel, are ignored.  The analysis is limited to 2000 Hz, because of the dominance of
the wheel radiation at higher frequencies.  The impact noise result is probably more reliable
than that for rolling noise, since the wheel is distant (and thereby even the nearfield on the rail
near the wheel). This is not the expected reduction in dB(A) from the track; in addition to A-
weighting, such a prediction would even require weighting according to radiation efficiency and

Table 5. Predicted reductions due to a pad stiffness increase from 500 to 700 MN/m.

Noise
avg sound reduction, dB

(20-2000 Hz)

Rolling noise 4
Impact noise at 10 m from track, 5 m along 14
Impact noise at 10 m from track, 15 m along 22

the actual frequency
content of a roughness
pattern, which requires
more effort than is
desirable for this simple
comparison.
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5.2 Ground vibration
Table 6 compares the effectiveness, as predicted by the models, of various possible
countermeasures against ground vibrations at Ledsgård.  The “overall” column gives an average
for the range 10-230 Hz, i.e., about the range corresponding to disturbance problems.  For all
cases a white-noise roughness on the rail is assumed.  For the screen cases, the predicted screen
insertion losses are used to reduce the levels predicted by the track model without any other
countermeasure active; the soil model (in the screen cases) is a half-space of the upper-layer
crust material.

Table 6. Ground vibration countermeasures. Effectiveness averaged over 10-230 Hz and in two octave bands
(representing “high” and “low” frequencies). Assumes white noise roughness on rail; changes are wrt the Ledsgård
control case (see paper 3).

Insertion Loss, [dB]
Class Countermeasure Overall

10-230 Hz
16 Hz

band
125 Hz

band

soft pads 500 � 300 MN/m 0 0 2
soft pads 500 � 50 MN/m 3 5 -1
sleeper spacing 65 � 40 cm -1 1 6

In-track

rail gauge UIC 60 � UIC 50 1 4 0
lime-cement columns  -1 8 3Foundation
concrete piles  4 5 1
lime-cem columns(18 m,20 cm spacing) 0 -1 25Screen
lime-cem columns (18 m,10 cm overlap) 3 3 29

Selection of countermeasures must take account of the frequencies for which mitigation is
needed.  For geotechnical problems, lower frequencies are usually the most crucial, so that track
foundation improvement, or a very soft pad, are promising countermeasures.  For disturbance
problems, higher frequencies are more relevant, so that either track component changes or
screens should be considered.  A battery of countermeasures of different types may be
necessary at sites with severe problems.

6. Conclusions & future development

Both field measurements and analytical models have been used to evaluate different types of
countermeasures against ground and track vibrations. The models manage to explain much of
the behavior observed in the field measurements, implying that they could be used in other
cases where full-scale field measurements would be too expensive.  They are computationally
effective frequency domain methods, permitting rapid and immediate evaluation of the effects
of parametric variations.  The price of this facility, however, is that the models are not
appropriate for use at very low frequencies.

Soil-stabilization under the track was shown to be an effective for mitigating low-frequency
ground vibrations, but could amplify some bands of structure-borne sound.  Barriers are
effective at audible, but not infrasonic frequencies, of ground vibrations.

Future efforts along these lines should focus on:
for the track-only model: investigation of the relevance and applicability of the nonlinearity

and high frequency models, which were questions left completely open.
for the track-ground interaction model:  (1) incorporating antisymmetric track vibrations, or

definitively establishing whether or not they play a significant role in exciting wayside
ground vibrations; (2) application of the model to study the effect of soil stabilization on
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parametric excitation at the sleeper passing frequency (for which the current symmetric
version is sufficient, but needs to be complemented by a static model as well).

for the barrier model: additional receptance models, with improved treatment of soil-
interaction underground; further investigation of the piston approximation (particularly
constant force vs. constant displacement pistons).
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