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2.

INTRODUCTION

Within the frame of the EU FP7 project ’Railway induced vibration abatement solutions
(RIVAS)’, abatement measures for ground-borne noise and vibration for tracks at grade are
studied. The aim is to develop innovative measures at the source to reduce the annoyance of
lineside residents. Mitigation measures studied apply to rail vehicle design, rolling stock
maintenance, track design, track maintenance, sub-grade engineering, and the transmission
path within the railway infrastructure.
Work package 4 of RIVAS focuses on railway infrastructure based vibration reduction
technologies in the transmission path, either under or next to the track. When placed close to
the track, these mitigation measures can still be regarded as part of the railway infrastructure.
Mitigation measures that are studied include trenches and soft wave barriers, stiff wave
barriers, subgrade stiffening, horizontally-layered wave impeding blocks, and heavy masses
next to the track. These options have been studied theoretically in a parametric study for a
range of possible designs in a set of different ground types to establish the circumstances in
which they are efficient [1]. The performance of these measures has been verified by means
of field tests [2].
This report is intended as a practical design guide for the transmission path mitigation
measures that have been studied within the frame of RIVAS. The focus goes to the soft and
stiff wave barriers and the heavy masses next to the track as these measures are considered
most suited for solving vibration problems next to existing tracks. Subgrade stiffening and
wave impeding blocks, which have been studied as well within the frame of RIVAS, are not
included here as they are considered less suited for implementation under existing tracks.
These measures may be very effective, however, in avoiding excessive vibration levels for
new tracks on soft soil.
The first type of mitigation measure considered in the design guide is a soft wave barrier, i.e.
a trench filled with soft material, ideally behaving as an open trench that cuts off waves
propagating along the soil’s surface. Research in RIVAS has focused on obtaining a practical
design of a trench with a soft fill material. A newly developed methodology by RIVAS
partner Keller is considered in the current design guide.
The second type of mitigation measure is a jet grouting wall intended as a stiff wave barrier.
This barrier acts as a wall preventing the transmission of vibrations by its large bending
stiffness in the direction along the track. The performance of the wall predicted by numerical
simulations was verified by means of a field test at the site of El Realengo in Spain. The jet
grouting wall was built by Keller Cimentaciones, subcontracted by RIVAS partner Keller.
The third type of mitigation measure is a sheet piling wall. Within the frame of RIVAS, a
sheet piling wall designed and constructed in Sweden by Trafikverket was verified by means
of numerical simulations and field measurements. Results show that it allows for a
considerable reduction in low frequency feelable vibration at sites with relatively soft soil,
provided it is built sufficiently deep.
RIVAS_TV_WP4_D4_6_V01

Page 4 of 42

31/12/2013

RIVAS
SCP0-GA-2010-265754

The fourth type of mitigation measure is a row of heavy masses alongside the track. This case
has been studied as it could possibly be designed as a combined barrier for airborne noise and
ground-borne vibration, e.g. as gabion walls. Although no field test has been performed
within RIVAS, the measure has been included in the design guide as initial results from
simulations were promising. This idea is therefore more speculative but deserving further
consideration.
The outline of the design guide is as follows. First, general recommendations are given for
the assessment and the design of vibration mitigation measures. This includes the assessment
of a need for vibration mitigation as well as a discussion of geotechnical and geophysical
tests required for the design of the mitigation measure. Second, a general discussion of the
four types of mitigation measures is given. Since costs and effects of vibration mitigation are
highly dependent on site conditions, these are only discussed in general terms in this section.
Third, in the appendices a case study is discussed for each mitigation measure, where costs
and benefits are quantified for the specific sites under consideration. These case studies
consider field tests in RIVAS and numerical simulations based on realistic soil conditions.
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3.

RAILWAY APPLICATION OF VIBRATION MITIGATION
MEASURES IN THE TRANSMISSION PATH
3.1 GENERAL RECOMMENDATIONS

General recommended procedure for assessment of need and design of
vibration mitigation measures.
STEP 1 - Principal assessment of need for vibration mitigation measure
No

Train Induced Vibrations

1

Risk assessment for vibration problems


Actors

Construction of new railway lines

Railway
administration

o Assessment of possible vibration problems for
construction of new houses close to the newly +
planned railway.
Expertise in
 Restriction on construction of new houses environmental
close to the railway line in case required vibration
vibration mitigation measures are not
economically viable.
o Vibration risk assessment for existing houses close to
the newly planned railway.


Reconsidering railway line position in case
required vibration mitigation measures are not
economically viable.

o Guidance on the prediction of ground-borne noise and
vibration for newly planned railway lines is provided
in ISO 14837-1 [3]. Depending on the stage of
development of the line, a distinction is made
between scoping (earliest stage), environmental
assessment (planning process) and detailed design
models (part of construction and design).


Existing railway lines
o Assessment of possible vibration problems for
construction of new houses close to an existing
railway line.


Restriction on construction of new houses
close to the railway line in case required
vibration mitigation measures are not
economically viable.

o Assessment of vibration levels for existing houses
RIVAS_TV_WP4_D4_6_V01
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No

Train Induced Vibrations

Actors

close to an existing railway line.


Collect and investigate vibration complaints,
assessment of vibration levels by means of
measurements.

o Existing houses close to the existing railway line with
new operating conditions (train type and/or train
speed).


Vibration risk assessment.

If it is considered that excessive levels of railway induced ground
vibration may occur, the following procedure is recommended:
STEP 2 - Geotechnical investigations and vibration measurements
No

Collection of data

Actors

1

Available documents and existing vibration records
The first step involves a study of archive records like geological Railway
maps, results of previous geotechnical and geophysical tests and administration
vibration measurements. These may include:


documentation, drawings, reports, geological maps;



previous geotechnical and geophysical investigations,
laboratory tests and in situ tests;



vibration measurements for existing railway lines.

From available data, the soil layering and the dynamic
characteristics of each layer may be estimated. Empirical
relations between standard geotechnical properties and dynamic
soil characteristics cannot replace in situ or laboratory testing,
however.
2

Complementary geotechnical investigations–assessment of
dynamic soil characteristics and vibration propagation

Geotechnical and

In a second step, more detailed information is gathered from
geophysical
additional laboratory and in situ tests.
expertise
A first set of tests is intended for soil classification and
determination of classical soil mechanics parameters required for
the geotechnical design of mitigation measures on the
transmission path. These tests may include (a subset of) the
following laboratory and in situ tests:


Classical soil mechanics laboratory tests on (undisturbed)
soil samples.

RIVAS_TV_WP4_D4_6_V01
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o Index properties of soils (recommended as a
minimum within the frame of RIVAS)


Water content



Bulk and dry density of intact soil



Soil particles density, particles unit weight
and specific gravity of soil solids



Void ratio, porosity and relative density



Grain size distribution



Plasticity of soils, Atterberg
consistency and plasticity index



Overconsolidation ratio

limits,

o Strength of soils


Unconfined compression test



Unconsolidated
compression test



Consolidated drained triaxial compression
test



Consolidated undrained triaxial compression
test



Direct shear box test

o Compressibility and
oedometer testing



undrained

deformation



Consolidation



Swelling and swelling pressure

triaxial

of

soils/

Classical soil mechanics in situ tests
o Cone penetration and piezocone penetration test
(CPT, CPTU)
o Standard penetration test (SPT)
o Other national applicable test

In order to assess the efficiency of vibration mitigation measures
by means of numerical simulations, a second set of tests allowing
for the identification of the dynamic soil properties is required.
Assuming the soil is composed of isotropic and homogeneous
elastic layers, parameters to be determined for each layer include
shear wave velocity Cs, dilatational wave velocity Cp, hysteretic
material damping ratios ßs and ßp in shear and dilatational
deformation, and soil density [4].
The dynamic soil characteristics need to be determined up to a
RIVAS_TV_WP4_D4_6_V01
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depth that depends on the frequency range of interest and the
stiffness of the soil.


In situ seismic tests allow exploring a representative
volume of soil in natural stress and compaction
conditions at small strain levels. These tests may include:
o Seismic refraction
o Down-hole testing
o Up-hole testing
o Cross-hole testing
o Seismic cone penetration test (SCPT)
o Suspension PS logging
o Spectral Analysis of Surface Waves (SASW)
o Seismic tomography
Within the frame of RIVAS, a combined surface
wave – seismic refraction test was recommended as a
minimum for determination of the dynamic soil
characteristics [4].



Additionally, the following laboratory tests on
undisturbed samples may be used to determine the strain
dependency of the shear modulus and material damping
ratio:
o Resonant column test
o Bender element test
o Cyclic simple shear test
o Cyclic triaxial test

Test procedures for the determination of the dynamic soil
characteristics within the frame of the RIVAS project are defined
in deliverable D1.1 [4] which also contains a basic description of
many seismic as well as classical soil mechanics laboratory and
in situ tests.
3

Vibration measurements
New or complementary vibrations measurements may be made Vibration
in order to study:
measurements
competence
 Response of the track (rails, sleepers, embankment)
and soil in the immediate vicinity of the source.


Propagation of vibration from the track into the free
field.



Building response, including amplification in walls

RIVAS_TV_WP4_D4_6_V01
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and floors compared to foundation level.


Response at specific locations inside the building, i.e.
near sensitive equipment.

The aim of this study is to specify and quantify the need for
vibration reduction.

If vibration mitigation in the transmission path is needed, the
following procedure is recommended:
STEP 3 - Design of vibration mitigation measures
No

Design

1

Assessment of suitable vibration mitigation methods


2

Actors

Define an actual area where vibration mitigation is
needed.



Detailed study of critical area.



Required effect of vibration mitigation.



Required lifetime.



Installation limits (environment, space, geotechnical
conditions).



Analysis of risks for particular houses due to construction
of mitigation measure.



Social issues (for example public information about
expected effect of mitigation measure).



Study of different vibration mitigation methods.



Preliminary evaluation of costs.



Suggestion for several suitable/acceptable mitigation
methods.

Railway
administration

Advanced computer simulations and modelling


Choice of suitable numerical model and software, able to
deal with simulation of 2D and 3D dynamic soil-structure
interaction problems, properly accounting for the
unbounded character of the soil domain.



Design of different models – geometries, structures and
operating conditions.



Selection of input parameters for numeric simulations.



Numerical simulations and parametric studies.



Evaluation, conclusion and selection of the most effective

RIVAS_TV_WP4_D4_6_V01

Page 10 of 42

Expertise in
numerical
simulation and
design.

31/12/2013

RIVAS
SCP0-GA-2010-265754

mitigation method.
3

Final design of vibration mitigation


Decision on the most effective mitigation method, taking
into account social as well as economic aspects.

Railway
administration.



Detailed construction design.



Construction costs and estimation of maintenance costs

Expertise in design
and geotechnical
construction.



Installation procedure, limits on operating conditions,
estimation of track possession costs, and evaluation of
impact on surroundings.



Time schedule for installation.

RIVAS_TV_WP4_D4_6_V01
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3.2 VIBRATION MITIGATION METHODS IN THE TRANSMISSION PATH –
METHODS OF INTEREST

3.2.1 Soft wave barrier
1

Description of method
A soft wave barrier is buried on one (or both) side(s) along the railway track to attenuate
vibration for frequencies where surface waves are localised in a soft upper soil layer(s).
The performance is mainly affected by the depth and width of barrier and properties of
fill material. For layered ground, the barrier should penetrate the soft upper layer; a
barrier deeper than the top soft layer(s) would not bring much extra benefit.

2

3

Condition in which the method is applicable


Trains, traffic (speed, axle loads). No specific train type.



Track. No specific track type.



Geotechnical conditions. The soft wave barrier is more effective at sites with a
relatively soft upper layer soil, e.g. for a layer of a few metres deep with a shear
wave velocity of around 100 m/s to 200 m/s, overlying a stiffer ground.



Distance between track and dwellings. Effective at least to 32 m from the
track. Evaluation at further distances was not carried out within the frame of
RIVAS.



Construction of houses. A significant vibration reduction can be obtained at the
soil’s surface and up to a certain depth, which depends on the geometry of the
barrier and the frequency range of concern. This should be considered for
buildings with embedded or pile foundations.

Recommendation for barrier geometry


Distance from the track/houses. Effective at least to 32 m from the track.
Evaluation at further distances not carried out.



Depth. Depth of the barrier is an important parameter. It should be determined
from the shear wavelength in the soil at the target frequency range. For a layered

RIVAS_TV_WP4_D4_6_V01
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ground, where most benefit is expected, it should be at least as deep as the upper
soft soil layer(s).

4



Width. The width is also important as it affects the stiffness of the fill.



Length. The barrier should be sufficiently long to prevent waves from travelling
around the barrier and affecting the dwellings. The necessary length past the
dwellings must be investigated in each case.



Other important issues. The fill material should be chosen carefully to be soft
enough while withstanding soil pressure. It should not be affected by ground
water.

Effect of vibration mitigation – expected mitigation result
The effectiveness of a soft wave barrier depends mainly on its depth, width and the
properties of the fill material:



The depth of the barrier determines the frequency from which a reduction in
vibration levels can be expected.
The width d and the properties of the fill material (Young’s modulus E and
Poisson’s ratio ) determine the compressional stiffness k per unit area of the
barrier:
k d = 2E (1-)/((1+) (1-2))
The compressional stiffness k should be as low as possible, meaning the width of
the barrier should be as large as feasible and the stiffness of the fill material
should be as low as possible. A realistic range for the stiffness k is 10 – 100
MN/m3, which is possible to achieve by elastomeric mats which will generally
also fulfil the geotechnical requirements.
Care must be taken as the stiffness may depend on confining pressures due to the
soil and be affected by the presence of groundwater.

5

Need for geotechnical investigation and vibration measurements as an input for
design
As input for the design of the soft wave barrier, vibration levels and the dominant
frequency range of vibrations should be measured. Once the need for vibration reduction
has been quantified, a first estimation of the required depth of the barrier can be made
based on available data on soil characteristics and rules of thumb for assessing vibration
reduction. Empirical relations between standard geotechnical properties and dynamic
soil characteristics may be used for this first assessment but cannot replace in situ or
laboratory testing as required for the actual design of the vibration barrier.
A first set of geotechnical tests is needed for soil classification and determination of
classical soil mechanics parameters required for the geotechnical design of the wave
barrier and the conditions for its installation, including the level of ground water (see
step 2.2). It is recommended to identify the geotechnical characteristics of the soil layers
up to a depth of about 2.5 times the considered depth of the barrier or at least up to the
depth of bedrock. One borehole should be used as a minimum, which can also be used to
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retrieve undisturbed samples from the different formations and make down hole tests.
A second set of geophysical tests is needed to identify the dynamic soil properties (shear
wave velocity, dilatational wave velocity, hysteretic material damping ratios, and soil
density) which are required for designing the soft wave barrier such that it provides the
targeted vibration reduction (see step 2.2). These dynamic soil characteristics need to be
determined up to at least the depth of the surface waves in the frequency range of interest
and to at least 4 m under the depth of the barrier. The depth up to which these
characteristics can be identified by in situ geophysical tests such as the SASW and
seismic refraction may be limited to 12 or 13 m. In this case, in situ identified dynamic
properties may be extrapolated using the geotechnical data from the first set of tests.
6

Need for computer simulation as a basis to final design - Effect of vibration
mitigation
The performance of the measure depends critically on the soil properties, the depth and
width of the barrier and properties of the fill material. It is essential that the barrier is
properly designed for the location using reliable soil properties. Two-dimensional (2D)
simulations may be used for a preliminary qualitative assessment of the effect of
vibration mitigation of different soft wave barriers. Full 3D or 2.5D simulations must be
used for the final evaluation of the effect.

7

Installation procedure, requirements and recommendations
Within the frame of the RIVAS project, a method invented by Keller was considered for
a field test with a soft wave barrier in Switzerland. The method makes use of an
apparatus allowing for the installation of soft or stiff panel-like elements for mitigation
of railway induced ground vibration.
The installation proceeds as follows. The elements for vibration mitigation are first
inserted into a specially designed panel-like steel box with flap or lost tip at the lower
end. Next, the steel box is driven to the required depth by means of a vibrator or driving
hammer attached to the top of the box. Finally, the steel box is withdrawn and the
elements remain in place. The method does not allow introducing force-transmitting
connections between adjacent elements.
Since the steel box with elements is driven into the soil, the installation is limited to
loose-to-medium dense coarse-grained soils or soft-to-firm fine-grained soils. At present,
the maximum installation depth is estimated to be in the range of 4 to 6 metres.
The main advantage of the installation method is that its influence on the railway track is
negligible (minimum or no interruption of the railway operations) and does not require
excavations (fast execution, no risk of undesired soil movement).

8

Monitoring and control system
During the installation, attention should be paid to the verticality of the elements
installed for vibration mitigation. The required installation accuracy can be
accomplished by using a leader-guided vibrator and/ or a driving template.

9

Quality control
Keller has implemented and maintains a Quality and Environmental Management
System fulfilling the requirement of ISO 9001 and ISO 14001. All works are planned,
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executed and documented accordingly. The Quality control of the materials to be
installed lies in the responsibility of the corresponding material supplier.
Measurements of vibrations before and after construction are needed to verify the
performance of the vibration mitigation measure.
10

Risk assessment
This mitigation measure can only be used when the underground is free of structures
such as cables and sewers.
The infill material should be environmentally friendly and not lead to soil or
groundwater contamination.
Possible modifications of the groundwater flow due to the presence of the barrier should
be considered.
If the barrier is installed close to dwellings, this may lead to additional liabilities and
responsibilities.
In general, the following risks during construction of a soft wave barrier should be
considered:




11

Ground motion and ground vibrations during construction, including the
possibility of settlements or liquefaction of the soil.
Track uplifting, modification of track geometry or destabilization of the track.
Problems with installation due to stiff ground or stiff inclusions.

Service life and ultimate limit states
The service life of the trench will mainly depend on the fill material. Factors affecting
the lifetime of the fill material include:





12

13

Groundwater and water uptake.
Soil pressures.
Chemical components in groundwater.
Freeze/thaw cycles.

Costs


Construction costs. The main factors determining construction costs are the
costs of the fill material, rental cost of the installation equipment (vibrator and
carrier unit), and fabrication of the steel box.



Maintenance costs. No maintenance costs over lifetime of soft barrier material



Track possession costs. There are normally no track possession costs.

Social aspects
The visual impact of the soft wave barrier is negligible. After installation of the soft
wave barrier, it can be covered with a layer of soil to make it invisible.
The soft wave barrier can be removed after construction.
Early communication is important for public support.

RIVAS_TV_WP4_D4_6_V01
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3.2.2 Jet grouting wall
1

Description of method
A jet grouting wall alongside a railway track can act as a stiff wave barrier when the
resulting soilcrete mixture is stiffer than the original soil. There is a critical frequency
from which this mitigation measure is able to hinder the propagation of Rayleigh waves
in the soil, depending on the dimensions of the barrier and the difference in stiffness
between the original and stiffened soil.

2

3

Condition in which the method is applicable


Trains, traffic (speed, axle loads). No specific train type.



Track. No specific track type.



Geotechnical conditions. The jet grouting wall is more effective at sites with a
relatively soft soil, e.g. a layered soil with upper layers with a shear wave
velocity of around 100 m/s to 200 m/s, as the critical frequency decreases if the
difference in stiffness between the original and stiffened soil increases.



Distance between track and dwellings. The vibration reduction is large at
locations close to the wave barrier, but decreases with increasing distance from
the track.



Construction of houses. A significant vibration reduction can be obtained at the
soil’s surface and up to a certain depth, which depends on the geometry of the
barrier and the frequency range under concern. This should be considered for
buildings with embedded or pile foundations.

Recommendation for barrier geometry


Distance from the track/houses. The vibration reduction is large close to the
wave barrier, but decreases for locations further away.



Depth. The depth is a crucial parameter in the design of the jet grouting wall, as
the critical frequency above which a reduction is expected, is inversely
proportional to the depth.



Width. The width is less important than the depth, although a minimal width of
approximately 1.0 m is required to ensure that the jet grouting wall behaves as a
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wave impeding barrier.

4



Length. The wall should be sufficiently long to prevent waves from travelling
around it. Furthermore, the length of the barrier should be approximately two
times the free bending wavelength in order to hinder the transmission of Rayleigh
waves.



Other important issues. The jet grouting wall should extend continuously along
the railway track. The recommendations in this guide are not valid for techniques
where the soil is improved by disconnected local zones of stiffened soil, e.g. nonoverlapping gravel or jet grout columns.

Effect of vibration mitigation – expected mitigation result
A jet grouting wall behaves as a stiff beam embedded in a softer material. The
transmission of waves propagating in the soil is impeded by the stiff beam when the
trace wavelength of the incident waves is smaller than the bending wavelength in the
stiffened block. The frequency at which the Rayleigh wavelength in the soil becomes
smaller than the bending wavelength in the stiffened block can therefore be regarded as a
critical frequency below which no reduction is expected. This critical frequency f c can
be estimated as [5]:
C 2 12
fc  R
2 h E

where CR is the Rayleigh wave velocity in the soil, while  , E , and h are the density,

Young’s modulus, and depth of the jet grouting wall. Therefore it is beneficial to
increase the depth and the stiffness of the barrier. The dynamic characteristics of the jet
grouting material depend on the in situ soil characteristics, the jet grouting execution
parameters and the cement consumption. For soils composed mainly of silts and clays,
the expected range for the shear wave velocity of the jet grouting material is 400 m/s to
650 m/s and the expected density is 2200 kg/m³, corresponding to a Young's modulus of
880 MPa to 2325 MPa.
The reduction of vibrations generated by a point load on the track is not uniform along
the soil’s surface. Vibration reduction is mostly obtained in a zone along the track,
delimited by a frequency dependent critical angle. When a train passage is considered,
this implies that vibrations generated by the closest axles will be reduced less effectively
than those of axles further away. The highest insertion loss values are therefore expected
close to the track.
5

Need for geotechnical investigation and vibration measurements as an input for
design
As input for the design of the jet grouting wall, vibration levels and the dominant
frequency range of vibrations should be measured. Once the need for vibration reduction
has been quantified, a first estimation of the required depth of the wall can be made
based on available data on soil characteristics and rules of thumb for assessing vibration
reduction. Empirical relations between standard geotechnical properties and dynamic
soil characteristics may be used for this first assessment but cannot replace in situ or
laboratory testing as required for the actual design of the jet grouting wall.
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A first set of geotechnical tests is needed for soil classification and determination of
classical soil mechanics parameters required for the geotechnical design of the jet
grouting wall and the conditions for its installation, including the level of ground water
(see step 2.2). It is recommended to identify the geotechnical characteristics of the soil
layers up to a depth of about 2.5 times the considered depth of the wall or at least up to
the depth of bedrock. One borehole should be used as a minimum, which can also be
used to retrieve undisturbed samples from the different formations and make down hole
tests. A detailed description of the soil type and the assessment of strength or density are
also needed for an accurate prediction of the jet grouting characteristics.
A second set of geophysical tests is needed to identify the dynamic soil properties (shear
wave velocity, dilatational wave velocity, hysteretic material damping ratios, and soil
density) which are required for designing the jet grouting wall such that it provides the
targeted vibration reduction (see step 2.2). These dynamic soil characteristics need to be
determined up to at least the depth of the surface waves in the frequency range of interest
and to at least 4 m under the depth of the wall. The depth up to which these
characteristics can be identified by in situ geophysical tests such as the SASW and
seismic refraction may be limited to 12 or 13 m. In this case, in situ identified dynamic
properties may be extrapolated using the geotechnical data from the first set of tests.
6

Need for computer simulation as a basis to final design - Effect of vibration
mitigation
The effectiveness of a jet grouting wall can be assessed in an early design stage by
means of simple expressions for the critical frequency and critical angle (see [5]). More
extensive calculations are required, however, for a quantitative assessment of the
expected vibration reduction efficiency of the final design. 2.5D or 3D simulations are
indispensable, as 2D models are unable to correctly characterize the wave impeding
effect.

7

Installation procedure, requirements and recommendations
Jet grouting represents one of the most versatile methods for ground improvement. This
technique allows strengthening and stiffening of the soil, as well as cutting-off ground
water.
Jet grouting is performed by introducing water or grout under high pressures into the soil
to physically disrupt or erode the ground, so as to create in situ cemented formations. In
normal operation, the drill rod is advanced to the required depth and then the highpressure water or grout is introduced while withdrawing the rods. Since jet grouting is a
bottom-up process, erosion is initiated at the design depth with high velocity injection of
cutting and replacement fluids. This continues with consistent, uniform rotation and
lifting to create column geometry, while expelling eroded spoil out of the top of the
borehole.
Drilling tolerances are particularly relevant as the construction of a continuous jet
grouting wall requires overlapping of individual jet grouting columns.
It is essential to have information concerning possible inhomogeneities in the ground or
underground structures. Appropriate design, specifications and quality control are
needed to avoid an uneven distribution of strength and permeability due to the variability
of the soil.
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8

Monitoring and control system
During the installation attention should be paid to the drilling tolerances. A drilling
tolerance of up to 2 in 100 (due to EN 12716, chapter 8.4.4) can be achieved but the
specific risks have to be taken into account for determining the allowable drilling
tolerances, considering both jet grouting column radius and depth of interest. The most
important parameters such as the depth, withdrawal rate, rotation, air pressure, grout
or/and water pressure and volume have to be recorded and monitored during installation.
It is also equally important to carry out quality control testing on the grouts used
(density, viscosity and strength by 28 day cube strength).
The volume and density of the spoil material has to be controlled systematically.
The most appropriate technique to verify the jet grouting parameters in situ is to
construct trial columns and then measure diameter and strength directly. This is an
excellent method but can only be used at shallow depth. Coring of columns often suffers
poor core recovery leading to difficulty in interpretation of diameter and strength.
Different forms of non-destructive techniques can be used to control column properties.
One of the most adequate non-destructive techniques is sampling within the column
prior to initial set.
In addition to the monitoring of parameters for the construction of the jet grouting
elements, additional project-specific quality control measures such as structural
monitoring or permeability testing may be required.

9

Quality control
Keller has implemented and maintains a Quality and Environmental Management
System fulfilling the requirement of ISO 9001, ISO 14001 and EN 12716:2001-12
(Execution of special geotechnical works - Jet Grouting). All works are planned,
executed and documented accordingly. The Quality control of the materials to be
installed lies in the responsibility of the corresponding material supplier
Measurements of vibrations before and after construction are needed to verify the
performance of the vibration mitigation measure.

10

Risk assessment
This mitigation measure can only be used when the underground is free of structures
such as cables and sewers.
Possible modifications of the groundwater flow due to the presence of the jet grouting
wall should be considered.
Ground motion or instabilities in the track should be considered as possible risks during
the construction of the jet grouting wall.
The jet grouting wall should be constructed at a sufficient distance from the track in
order to avoid these problems during its execution.
If the wall is installed close to dwellings, this may lead to additional liabilities and
responsibilities.
After the construction of the wall no specific risks are seen.
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11

Service life and ultimate limit states
Service life and ultimate limit states according to EN 12716:2001-12 and EN 19971:2009-09 (Eurocode 7:Geotechnical Design – Part 1: General rules).

12

Costs




13

Construction costs. The main factors of the costs are the price and quantity of
the materials to be installed, the rental cost for the main equipment (rig and
injection plant unit), costs corresponding to the test columns including laboratory
and in-situ tests, and spoil management.
Maintenance costs. No maintenance costs over lifetime of the jet grouting wall.
Track possession costs. Track possession costs may occur during execution of
the works if the jet grouting wall is installed close to the track.

Social aspects
The visual impact of the jet grouting wall is negligible. After installation of the jet
grouting wall, it can be covered with a layer of soil to make it invisible.
Early communication is important for public support.
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3.2.3 Sheet pile wall
1

Description of method
In order to create a stiff wave barrier a wall of sheet piles is built in the ground alongside
the track. The sheet pile wall will hinder the transmission of vibrations in the soil. The
depth of the wall required for reduction of vibration transmission depends on the ground
conditions and the wavelength in the targeted frequency range of vibration reduction.

2

3

4

Condition in which the method is applicable


Trains, traffic (speed, axle loads). No specific train type.



Track. No specific track type.



Geotechnical conditions. The sheet pile wall is mainly useful in very soft
ground, e.g. silt and clay with a shear wave velocity of up to 150 m/s, where the
difference in stiffness between soil and wall is large, the frequency of the
vibrations is low and the wavelength is long but it also has an effect at higher
frequencies.



Distance between track and dwellings. If the wall is built close to the track it is
only effective when the dwellings are close since the effect of the wall decreases
with increasing distance behind the wall.



Construction of houses. Vibration reduction may be larger at the soil’s surface
than at depth. This should be considered for buildings with embedded or pile
foundations.

Recommendation for barrier geometry


Depth. The required depth depends on the characteristics of vibration
transmission at the site and geotechnical considerations.



Length. The wall should be sufficiently long to prevent waves to travel around
the wall and affect the dwellings. The necessary length past the dwellings must
be investigated in each case.

Effect of vibration mitigation – expected mitigation result
The effectiveness of a sheet pile wall depends mainly on the depth and the difference in
stiffness between the soil and the sheet pile wall. The depth of the wall determines the
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frequency from which a reduction in vibration levels can be expected. As a rule of
thumb, the wall is effective when the ratio of the wall depth to the Rayleigh wavelength
is at least 0.75 [1].
Tests in Finland [6] and Sweden [7] with sheet pile walls up to a depth of 18 m have
indicated some reduction of feelable vibration at low frequencies for soft soil. The
effectiveness of the sheet pile wall reduces with increasing distance behind the wall,
while no effect was measured at long distances behind the wall. The sheet pile wall
tested in Sweden did not lead to any adverse effect on the opposite side of the track.
5

Need for geotechnical investigations and vibration measurements as an input for
design
As input for the design of the sheet pile wall, vibration levels and the dominant
frequency range of vibrations should be measured. Once the need for vibration reduction
has been quantified, a first estimation of the required depth of the wall can be made
based on available data on soil characteristics and rules of thumb for assessing vibration
reduction. Empirical relations between standard geotechnical properties and dynamic
soil characteristics may be used for this first assessment but cannot replace in situ or
laboratory testing as required for the actual design of the sheet pile wall.
A first set of geotechnical tests is needed for soil classification and determination of
classical soil mechanics parameters required for the geotechnical design of the sheet pile
wall and the conditions for its installation, including the level of ground water (see step
2.2). It is recommended to identify the geotechnical characteristics of the soil layers up
to a depth of about 2.5 times the considered depth of the wall or at least up to the depth
of bedrock. One borehole should be used as a minimum, which can also be used to
retrieve undisturbed samples from the different formations and make down hole tests.
A second set of geophysical tests is needed to identify the dynamic soil properties (shear
wave velocity, dilatational wave velocity, hysteretic material damping ratios, and soil
density) which are required for designing the sheet pile wall such that it provides the
targeted vibration reduction (see step 2.2). These dynamic soil characteristics need to be
determined up to at least the depth of the surface waves in the frequency range of interest
and to at least 4 m under the depth of the wall. The depth up to which these
characteristics can be identified by in situ geophysical tests such as the SASW and
seismic refraction may be limited to 12 or 13 m. In this case, in situ identified dynamic
properties may be extrapolated using the geotechnical data from the first set of tests.

6

Need for computer simulation as a basis to final design - Effect of vibration
mitigation
The main design variables are the depth of the sheet pile walls and the type of sheet
piles. Two-dimensional (2D) simulations may be used for a preliminary qualitative
assessment of the effect of vibration mitigation of different sheet pile walls. Full 3D [8]
or 2.5D simulations [9, 10, 11] must be used for the final evaluation of the effect. When
using 2.5D or 3D simulations, the orthotropic behaviour of the sheet pile wall caused by
the difference in bending stiffness in vertical and horizontal direction must be taken into
account. Otherwise the effectiveness may be strongly overestimated [7].

7

Installation procedure, requirements and recommendations
If the wall is installed close to the track, the construction can be performed either from
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the track or from next to the track. The choice of the construction equipment depends on
the power required for introducing the sheet piles into the ground and possible
interaction with electrical cables if installation is done close to an electrified track.
Different machines could be used for different moments/parts of the installation.
Sometimes the electrical supply may have to be cut during installation. The track
geometry should be controlled regularly as it may be affected by the installation of the
sheet piles.
8

Monitoring and control system
The track geometry should be controlled regularly as it may be affected by the
installation of the sheet piles.
Ground vibrations generated by the installation of the sheet piles should be monitored to
avoid damage to nearby constructions and disturbed working of sensitive equipment.
The level of ground water should be monitored to verify how it is affected by the wall.

9

Quality control
Measurements of vibrations before and after construction are needed to verify the
performance of the vibration mitigation measure.

10

Risk assessment
The ground motion and ground vibrations during construction and modification in
ground water level or flow should be considered in a risk assessment.
If the wall is installed close to dwellings, this may lead to additional liabilities and
responsibilities.

11

Service life and ultimate limit states
Service life and ultimate limit states according to EN 12716:2001-12 and EN 19971:2009-09 (Eurocode 7:Geotechnical Design – Part 1: General rules).
The sheet pile wall is estimated to be effective for more than 50 years. Corrosion will
occur but is slow and will not adversely affect the performance of the wall for many
years.

12

13

Costs


Investment costs. The costs are determined by the dimensions of the sheet pile
wall, i.e. type and length of sheet pile, as well as the installation procedure. The
installation equipment depends on the geotechnical site characteristics, with a
higher resistance of the ground requiring heavier, and therefore more costly,
equipment. Some other not unimportant site specific factors are the presence of
underground infrastructure (pipelines, cables, …) or property (gardens, …)
requiring restoration after installation of the sheet piling wall.



Maintenance costs. None.



Track possession costs. Track possession costs could be present if the wall is
installed from the track.

Social aspects
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The visual impact of the sheet pile wall is negligible. After installation of the sheet pile
wall, it can be covered with a layer of soil to make it invisible.
The sheet pile wall can be removed.
Early communication is important for public support.
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3.2.4 Heavy masses along the track
1

Description of method
Heavy masses such as stone baskets or concrete blocks are placed on the ground surface
alongside the track. Although a number of individual masses at discrete positions can
affect the vibration transmission [12], a continuous row of masses next to the track is
considered here, for example a “gabion wall” [1] as free-standing stackable wire-baskets
filled with stones.
Such a barrier could be designed as a combined barrier for airborne noise and groundborne vibration. In this case an “acoustic-nucleus” is integrated within the wall to fulfill
the acoustic requirements on noise absorption.

2

3

Condition in which the method is applicable


Trains, traffic (speed, axle loads). No specific train type.



Track. No specific track type.



Geotechnical conditions. Heavy masses along the track will be more effective at
sites with a relatively soft upper layer soil, e.g. for a layer of a few metres deep
with a shear wave velocity of around 100 m/s to 200 m/s. The lower the stiffness
of the soil, the lower the mass-spring resonance frequency above which the
mitigation measure starts to be effective.



Distance between track and dwellings. If the heavy masses are placed close to
the track, the effect is the largest for dwellings close to the track because the
vibration mitigation effect typically decreases with increasing distance behind the
masses.



Construction of houses. Vibration reduction is typically larger at the soil's
surface than at depth. This should be considered for buildings with embedded or
pile foundations.

Recommendation for wall geometry


Distance from the track. Overall, the vibration mitigation effect reduces slightly
when the distance between wall and track is increased. In order to reduce
vibrations in dwellings further away from the track, it may be more effective to
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locate the masses closer to the dwelling.

4



Size (width and height). Increasing the height or width of the wall will increase
the mass and therefore improve the effectiveness at low frequencies. Increasing
the width will also improve the performance at higher frequencies because
Rayleigh waves propagating along the soil’s surface can be blocked more
effectively by a larger footprint.



Length. The wall should be sufficiently long to prevent waves to travel around
the edges of the wall and affect the dwellings. The necessary length past the
dwellings must be investigated in each case.

Effect of vibration mitigation – expected mitigation result
2.5D simulations [1] indicate that heavy masses can give a reduction in vibration levels
above a certain mass-spring resonance frequency, which depends on the mass of the wall
and on the stiffness of the soil. Increasing the mass of the wall will lower this cut-on
frequency. The lower the stiffness of the soil, the lower the mass-spring resonance
frequency. At frequencies above the mass-spring resonance frequency, Rayleigh waves
are hindered due to the blocking of the wave field by the masses along the interface. It is
therefore important to make the footprint of the wall as large and stiff as possible.
Simulations show a larger vibration reduction is obtained when the masses are not
interconnected as the longitudinal stiffness generally reduces the effectiveness.

5

Need for geotechnical investigation and vibration measurements as an input for
design
As input for the design of the wall of heavy masses, vibration levels and the dominant
frequency range of vibrations should be measured. Once the need for vibration reduction
has been quantified, a first estimation of the required dimensions of the wall can be made
based on available data on soil characteristics and rules of thumb for assessing vibration
reduction. Empirical relations between standard geotechnical properties and dynamic
soil characteristics may be used for this first assessment but cannot replace in situ or
laboratory testing as required for the actual design of the wall.
A first set of geotechnical tests is needed for soil classification and determination of
classical soil mechanics parameters required for the geotechnical design of the wall, such
as the possible need of a foundation on soft soils. One borehole should be used as a
minimum, which can also be used to retrieve undisturbed samples from the different
formations and make down hole tests.
A second set of geophysical tests is needed to identify the dynamic soil properties (shear
wave velocity, dilatational wave velocity, hysteretic material damping ratios, and soil
density) which are required for designing the wall of heavy masses such that it provides
the targeted vibration reduction (see step 2.2). These dynamic soil characteristics need to
be determined up to at least the depth of the surface waves in the frequency range of
interest and to at least 10 m under the wall. The depth up to which these characteristics
can be identified by in situ geophysical tests such as the SASW and seismic refraction
may be limited to 12 or 13 m. In this case, the in situ identified dynamic properties may
be extrapolated using the geotechnical data from the first set of tests.

6

Need for computer simulation as a basis to final design - Effect of vibration
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mitigation
The main design variables are the size of the wall (width and height) and the mass. Twodimensional (2D) simulations may be used for a preliminary assessment of the massspring resonance frequency above which the heavy masses start to be effective. For the
final evaluation of the effectiveness, full 3D [8] simulations must be used. In the case of
a continuous wall along the track, 2.5D simulations [9, 10, 11] can be used as an
alternative for full 3D simulations. The vibration mitigation effect may depend on the
stiffness of the wall in the direction along the track [1]. Therefore, a careful evaluation of
the stiffness should be made based on the material properties of the wall and the
practical construction (connection between masses).
7

Installation procedure, requirements and recommendations
Generally two construction methods are possible:



Installation by stacking the prefabricated and prefilled stone-baskets on site.
Installation of the empty baskets and filling with stones on site.

The installation is possible using rail-mounted equipment from the track as well as from
next to the track if the site can be accessed by excavators and lorries.
According to the 836.4303 Ril-2-(4) [13] the distance from the heavy mass gabion wall
to the centre of the track should be at least 3.80 m. Geotechnical conditions of the
foundation of the gabion walls are specified in DIN EN 1991-2.
Due to the width/size of the gabion walls the space available for construction is a
criterion. Sometimes the available place is too limited. Very often the construction place
is outside the land owned by the track infrastructure company requiring contractual
regulations with the original landowners.
In case of old high embankments and loose soils, the implementation of gabion walls
requires a significant technical effort and may need e.g. a deep foundation.
The construction of gabion walls on top of layers of underground cables is not permitted.
Bundles of cables or individual cables can be relocated but this leads to high additional
costs.
Depending on the length of walls, emergency exits need to be foreseen as well as a
solution for access to the tracks.
Due to the fact that high walls may adversely affect the landscape, the environment or
the specific rights of neighbours (e.g. shadow-building) an official exhaustive planning
approval with environmental impact studies and public consultations is required. This
can lead to a very time consuming planning and approval process.
8

Monitoring and control system
In addition to the usual inspections a special monitoring or system control is not needed.

9

Quality control
If the gabion wall is also used as a noise barrier, the design has to fulfil additional
acoustic requirements and technical specifications. Some acoustic parameters (e.g.
absorption coefficient) have to be proven by tests in acoustic laboratories according to
national specifications and requirements for noise barriers.
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10

Risk assessment
Within the design phase, the need for agreement with local land-owners may present a
risk.
After installation of the walls no specific risks are seen.

11

Service life and ultimate limit states
The design of gabion walls has to comply with the standard civil engineering regulations
and building codes according to the national regulations.
Gabion walls are estimated to have a lifetime of 50 years and do not need maintenance.

12

Costs

 Construction costs. The construction costs of gabion walls strongly depend on
the aspects in point 9 as well as other local and railroad operating conditions and
the wall length. It varies from 1300 to 1700 €/m for a 3 m high wall and 1 m
ground width.
If requirements for a noise barrier are not requested the construction of the wall
can be much simpler (e.g. neglect of the acoustic nucleus inside the gabions) and
the costs can be significantly reduced.
Higher costs are expected when combinations of gabion walls with another type
of wall (for example transparent elements) are used and installed.



13

Maintenance costs. No special maintenance is expected.
Track possession costs. Track possession costs or other additional costs during
construction depend on local conditions. Installation of gabion walls is possible
rail-mounted from the track as well as from outside the track if the access to the
ground and site can be ensured.
The installation from outside the track requires a track possession time of
minimum 6 hours per shift for an efficient construction work-flow.

Social aspects
Gabion walls have a significant visual impact but tend to be more widely accepted and
considered better integrated in the landscape than standard noise barriers of the same
height made of concrete or aluminium profiles.
Stone baskets provide a special habitat for a lot of (and sometimes protected) insects,
reptiles or plants.
Gabion walls can be easily removed.
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APPENDICES
A - CASE STUDY SOFT WAVE BARRIER
1

Description of site



Layer

This case study considers a soft wave barrier designed to be installed on a
site at Rubigen, Switzerland.
From previous field measurements, it was identified that the ground
consists essentially of a soft upper surface layer (2.3 m thickness) and a
stiffer deep layer. The dynamic soil characteristics were estimated as:
Density ρ
[kg/m3]

Poisson’s
ratio ν [-]

Damping
ratio β [-]

Young’s modulus
E [MPa]

200

2000

0.33

0.03

212.8

800

2000

0.33

0.1

3405

Thickness

Shear wave

h [m]

speed Cs [m/s]

1

2.3

2

∞



2

Further geotechnical tests, however, showed that the thickness of the soft
upper layer was much smaller than first estimated, rendering the soft wave
barrier less effective in the frequency range of interest for railway induced
ground vibration. For these reasons, the soft wave barrier was not built at
the site and only results from simulations based on the initially estimated
dynamic soil characteristics are given here.
Assumed vibration levels prior to construction
Calculated vibration levels caused by the passage of a generic train (with four
identical vehicles) at speed 144 km/h are considered. The reference track as defined
in [14] with an unevenness profile according to FRA class 3 [15] is assumed.
Parameters of the vehicle are shown in following table.
Vehicle

Bogie

Axle

Length

Lt = 23 m

Lb = 16 m

La = 2.6 m

Mass

30,000 kg

4,700 kg

1,200 kg

Secondary

Primary

Stiffness

0.47 MN/m

1.6 MN/m

Damping

33 kNs/m

20 kNs/m

The 1/3 octave band RMS values of the vertical vibration velocity at 16 m (blue),
24 m (red) and 32 m (black) from the centre of the track are shown in following
figure. The levels are compared with the criterion curves from ISO2631-2:1989
[16] for which “In general no adverse comments, sensation or complaints have
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been reported” for levels below the curves. These curves refer to critical work areas
(ISO4), residential (ISO3), office (ISO2), workshop (ISO1). They are not included
within the current version of ISO2631-2. The predicted vibration level is above the
ISO4 curve at all three receiver positions.

h1=2.3 m

-2

10

-3

RMS velocity [m/s]

10

ISO1
ISO2
ISO3
ISO4

-4

10

-5

10

-6

10

-7

10

1

10
One-third octave band centre frequency [Hz]

3

2

10

Design of vibration mitigation measure
A soft wave barrier, filled with Regupol PL, a material used as elastic layer in
acoustic floating floors, is considered as a mitigation measure. The barrier is 3 m
deep, 0.05 m wide and 8 m from the centre of the track. The material stiffness
varies with depth due to the confining pressure, and is given in the following table.
Density ρ
[kg/m3]

Poisson’s
ratio ν [-]

Damping
ratio β [-]

Young’s modulus
E [MPa]

16.0

700

0.4

0

0.5

1-2

22.6

700

0.4

0

1.0

2-3

27.7

700

0.4

0

1.5

Depth

Shear wave

[m]

speed Cs [m/s]

0-1
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4

Effect of vibration mitigation
Simulations




2.5D simulations were carried out for a Regupol wave barrier with a depth
of 3 m and a width of 0.05 m.
A classical ballasted track was considered in the simulation.
Vibration levels caused by the passage of a generic train (with four identical
vehicles) at speed 144 km/h after the Regupol barrier are considered.

After installation of the trench, the peak is brought down substantially, so that at
the 32 m receiver position the levels are below any of the ISO criteria at all
frequencies and at the other two receiver positions the vibration is only slightly
above the ISO4 criterion. At frequencies above 30 Hz, where the vibration is
constrained within the upper soil layer, the trench reduces ground vibration.



Insertion loss at 16 m, 24 m and 32 m from the track:
Insertion loss 3m deep trench, 8m away, L1=2.3m
20

Insertion loss (dB)

15

Regupol @16m
Regupol @24m
Regupol @32m

10

5

0

-5
0
10

5

1

10
Frequency (Hz)

2

10

Life cycle costs


Construction costs
Assuming construction to be performed with the newly developed method
of Keller (see Section 3.2.1), the construction cost for a 60 m long and 3 m
deep trench filled with 50 mm thick layer of Regupol PL was estimated to
be in the range of 130.000 €, based on a cost of 60 €/m² for the Regupol PL
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material. As more experience is gathered, optimization of the new
construction method may lead to a further reduction of costs.
Maintenance costs. No maintenance costs over lifetime of soft barrier
material.
Track possession costs. None, the installation is assumed to be done from
outside the track.
Expected lifetime. The Regupol PL material is reported to be resistant
against moisture, ozone, rotting, and freeze/thaw cycles. The creep
behaviour under permanent compression (soil pressure) is between 5 to 7%.
Further discussions with the supplier of the material are needed to estimate
the expected lifetime.
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B - FIELD TEST JET GROUTING WALL
1

Description of test site (El Realengo - Spain)



2

A field test with a jet grouting wall was performed within the frame of
RIVAS.
 The test site is located in the eastern part of Spain, between Murcia and
Alicante, in the low Segura river flood plain.
 The jet grouting wall is constructed next to the conventional railway line
between Murcia and Alicante. At the site, a new high speed line (Madrid to
Levante) is under construction.
 The conventional line is a ballasted track with bi-block reinforced concrete
sleepers supporting RN 45 rails.
Geotechnical and geophysical investigations




In situ tests: Spectral Analysis of Surface Waves (SASW), seismic piezocone
down-hole tests (SCPT), and seismic refraction tests.
Soil profile: a desiccated upper crust (0.3 m thick), soft flood plain soil
layers up till a depth of 10 m and hard alluvial cone soil layers (20 m thick)
on top of Triassic bedrock.
Dynamic soil characteristics: (Cs from SASW and SCPT, Cp from seismic
refraction tests, ρ from undisturbed samples retrieved from boreholes, β
from an updating procedure based on the Arias intensity).

Layer

Thickness
h

Shear wave
velocity Cs

Dilatational
wave velocity Cp

Damping
ratio β

Density ρ

0.30 m
1.20 m
8.50 m
10.0 m
∞

270 m/s
150 m/s
150 m/s
475 m/s
550 m/s

560 m/s
470 m/s
1560 m/s
1560 m/s
2030 m/s

0.123
0.112
0.014
0.010
0.010

1800 kg/m³
1750 kg/m³
1750 kg/m³
1900 kg/m³
1900 kg/m³

1
2
3
4
5


Estimated costs: 15.000 € if previous available geotechnical information
concerning the type of soils, ground layering, bed rock and soil densities
is available. 30.000 € if the drilling of at least two boreholes, up to a
depth of 50 m, is required to retrieve undisturbed soil samples and to
confirm the ground layering/stiffness provided by the geophysical tests.
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3

Vibration measurements on existing railway line



4

Transfer functions from the track to the free field have been measured on a
grid of points. Train passages have been considered as well.
Estimated costs: 25.000 €

Design of vibration mitigation measure


Numerical modelling: 2.5D FE-BE analyses for several cross sections of a
jet grouting wall have been carried out. Depths of 5 m (with widths of 0.5
m, 1 m, and 1,5 m) and 7,5 m (with widths of 0,5 m and 1 m) have been
considered, using upper and lower bounds for the dynamic characteristics of
the stiffened soil.



Final design jet grouting wall
 Length: 55 - 60 m (maximum length of wall within field test budget).
 Depth: 7,5 m.
 Width: 1 m.
 Location: 16.2 m from the centre of the track.

16.2 m

5

Effect of vibration mitigation


(a) Calculated and (b) measured insertion loss values in one-third octave
bands at 14 m (black dashed line), at 18 m (black solid line) and at 32 m
(grey solid line) for the jet grouting wall constructed at 16.2 m from the
track center. The insertion loss values have been determined for the passage
of a Renfe S592 suburban train at a speed of 117 km/h.

(a)
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Immediately behind the wall (black solid lines), insertion loss values of
about 5 dB are already obtained from 8 Hz on, with a (measured) peak of
about 12 dB at 25 Hz (which is also the frequency range where the highest
vibration levels are found during a train pass-by).



The (predicted and calculated) performance decreases with increasing
distance from the track.



A slight amplification of vibration levels is observed just in front of the jet
grouting wall (at 14 m), but no significant increase is expected at the
opposite side of the railway track.



6

A reasonable agreement between predicted and measured insertion loss
values is observed, and the same trends are revealed. The observed
discrepancies are of the same order of magnitude as the common
uncertainty in the prediction of railway induced vibrations. Numerical
prediction models can thus be used for the reliable design of stiff wave
barriers.
Life cycle costs






Construction costs
Within the frame of RIVAS, a budget of 270.000 € was available for the
field test, allowing for construction of a 55 - 60 m long jet grouting wall
with a minimum thickness of 1 m and depth of 7,5 m. This budget also
covered the construction of in-situ test columns, permanent monitoring and
control, topographic survey, in-situ and laboratory strength tests, and spoil
management. For a regular project, less extensive testing and verification is
required and the construction cost for a similar jet grouting wall is roughly
estimated to be about 200.000 €. Depending on ground conditions, site
locations and constraints, the wall dimensions and the available
construction time, the cost at other sites could be noticeably higher or
lower.
Maintenance costs. No maintenance costs over lifetime of jet grouting
wall.
Track possession costs. No track possession costs over lifetime of the jet
grouting wall. Track possession costs could be present during construction
if the wall is installed close to the track.
Expected lifetime. The lifetime depends on the characteristics of the
injected material. With adequate material characteristics, the jet grouting
wall can be considered as a permanent structure.
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C - FIELD TEST SHEET PILE WALL
1

Description of site (Furet)






2

Within the frame of RIVAS, a sheet piling wall designed and constructed
by Trafikverket was subjected to a program of parameter measurements and
theoretical analysis.
The site of Furet, where the sheet piling wall was built, is located in the
southwest of Sweden in the city of Halmstad along the West Coast Line
between Gothenburg and Lund [14].
Existing line, classical ballasted track, mixed traffic (112 train passages per
day, of which 29 freight trains).
Vibration problems in at least 8 buildings at west side of the track, mostly
built around 1950, with two to three floors.
Mitigation measures in 2006, including installation of under sleeper pads at
track closest to the buildings and levelling of tracks were only partially
successful.

Geotechnical and geophysical investigations



Layer

In situ tests [14]: cone penetration tests (CPT), seismic cone penetration
tests (SCPT), standard piston sampling, sampling by Helical auger, weight
sounding, multichannel analysis of surface waves (MASW).
Soil profile: a relatively firm layer of sand up to 2-3 m depth underlain by
clayey silt up to a depth of 5-10 m (layers of clay), underlain by silty clay.
Dynamic soil characteristics (Cs from SCPT and MASW tests, Cp estimated
from Cs assuming a Poisson's ratio of 0.40).
Thickness
h

Shear wave
velocity Cs

Dilatational
wave velocity Cp

Damping
ratio β

Density ρ

2m
10 m
∞

154 m/s
119 m/s
200 m/s

375 m/s*
290 m/s*
490 m/s*

0.025*
0.025*
0.025*

1800 kg/m³
1850 kg/m³
1710 kg/m³

1
2
3

(estimated values in the table denoted by a star)

3

Estimated costs: 250.000 SEK or 29.000 EURO (converted at a mean rate
of 8,7 SEK/EURO in 2012-2013), excluding the costs of the MASW.

Vibration measurements on existing railway line



Vibration measurements in buildings (floors, foundation) and at soil surface
during train passages, highest levels measured at 4-5 Hz.
Estimated costs: 250.000 SEK or 29.000 EURO (converted at a mean rate
of 8,7 SEK/EURO in 2012-2013).
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4

Design of vibration mitigation measure


Assessment suitable method: choice for sheet pile wall (VL 603-K profile)
because the available space is limited and tests of sheet pile walls in Finland
have indicated a reduction up to 50% of vertical vibration at low
frequencies for soft soils [6].
 Modelling: FLAC3D analysis (equivalent isotropic plate model for wall) of
two alternatives (constant depth of 13 m,
alternating depths of 12 m and 18 m).
 Final design sheet pile wall
 Length: 100 m.
 Depth: 12 m with every fourth pile
extended to 18 m.
 5.60 m from centre of nearest track.
 Estimated costs: 300.000 SEK or 34.000 EURO (converted at a mean rate
of 8,7 SEK/EURO in 2012-2013).
5

Effect of vibration mitigation
Additional vibration measurements [2, 7]
 Before and after installation of the sheet pile wall in buildings and at soil
surface on two measurement lines
 Measurement line A at test section with sheet pile wall: geophones at 8
m, 16 m, 32 m, 64 m from track center, at 8 m, 16 m at opposite side.
 Measurement line B at reference section a couple of hundred meters
south of the sheet piling wall: geophones at 8 m, 16 m from track center.
 Vibration measurements during train passages for 7 days
 Exposed buildings: sufficient reduction (less than 1.0 mm/s frequency
weighted RMS at night (10pm-07am)), except for small house with
wooden structure at 40 m distance from track.
 At soil surface: maximum vibration levels for train passages reduced by
50 % at 8 m and 16 m, by 30 % at 32 m, no reduction at 64 m. No
increase in vibration levels at other side of track.
 Measured insertion loss values in one-third octave bands at 8 m (black),
16 m (red), 32 m (blue), and 64 m (green) from the track determined
from passage-byes of X31 passenger trains with a speed of 75 km/h
(left) and freight trains with a speed of 63 km/h (right).
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 For the passenger trains, the sheet piling wall results in vibration
reduction from 4 Hz on. Up to a frequency of 16 Hz the insertion loss
values generally increase with frequency. The negative insertion loss
values around 31-40 Hz and 80 Hz are not observed in any predictions
made for stiff wave barriers and are therefore believed to have other
causes.
 For the freight trains, high insertion loss values of up to 5-10 dB are
obtained in a broad frequency range, already at very low frequencies.
These results should however be interpreted with care due to the limited
amount of train pass-byes (4 before and 5 after construction) and the
relatively large spread between the individual pass-by spectra.
 The performance generally decreases with increasing distance behind the
sheet piling wall.
 Estimated costs: 500.000 SEK or 57.000 EURO (converted at a mean rate
of 8,7 SEK/EURO in 2012-2013).






6

Additional computer simulations [2, 7]
2.5D simulations: separate calculations for sheet pile wall with depth 12 m
and depth 18 m, presence of track disregarded, equivalent orthotropic plate
model for sheet pile wall.
Insertion loss at 8 m (black), 16 m (red), 32 m (blue), and 64 m (green)
from the track for 12 m deep (left) and 18 m deep (right) sheet pile wall.

IL of 2 dB for 12 m deep wall, IL of 4 dB for 18 m deep wall predicted at
targeted frequency range (4-5 Hz).
In general, similar trends are observed for measurement and simulation
results. Positive IL values are found from 4 Hz on. The performance
decreases with increasing distance from track. This indicates that state-ofthe-art numerical predication models are useful and needed for the reliable
design of wave barriers like sheet piling walls.

Life cycle costs





Construction costs: Building cost of 4.300.000 SEK or 495.000 EURO
(converted at a mean rate of 8,7 SEK/EURO in 2012-2013) for
approximately 100 m spont (95m).
Possession costs: none
Maintenance costs: none
Expected lifetime: > 50 years.
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D - CASE STUDY GABION WALL
1

Description of site1







Layer

Within the frame of this case study, numerical simulations are presented for
a gabion assumed to be installed next to the track on a site at Lincent,
Belgium.
The site at Lincent is situated next to the high speed line L2 between
Brussels and Liège. The track is a classical ballasted track.
In situ tests [14]: conventional soil parameters and a stratification were
obtained using sampling borings and cone penetration tests (CPTs).
Dynamic properties have been evaluated by means of Seismic Cone
Penetration Tests (SCPT), Spectral Analysis of Surface Waves tests
(SASW) and a seismic refraction test.
Soil profile: top layer of 1.2 m thickness, followed by a layer of fine sand
which reaches up to a depth of 3.2 m. Between depths of 3.2 and 7.5 m, a
sequence of arenite layers embedded in clay is present. Deeper in the soil, a
sequence of clay and fine sand layers is present.
Dynamic soil characteristics (Cs and β from SASW with assumed density of
1800 kg/m³, Cp from seismic refraction test).
Thickness
h

Shear wave
velocity Cs

Dilatational
wave velocity Cp

Damping
ratio β

Density ρ

1.4 m
2.7 m
∞

128 m/s
176 m/s
355 m/s

286 m/s
286 m/s
1667 m/s

0.044
0.038
0.037

1800 kg/m³*
1800 kg/m³*
1800 kg/m³*

1
2
3

(estimated values in the table are denoted by a star)
2

Assumed vibration levels prior to construction
Vibration levels caused by the passage of an InterCity train with length 230 m and
speed 150 km/h and a high-speed train with length 200 m and speed 300 km/h are
considered [17]. The reference track as defined in [14] with an unevenness profile
according to FRA class 3 [15] is assumed.

The 1/3 octave band RMS values of the vertical vibration velocity at 8 m (black),

1

The results for this case study are based on simulations only [1].
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16 m (red), 32 m (blue), and 64 m (green) from the track are shown for the
InterCity train passage (left) and the HST passage (right). Vibration levels are the
highest for the high-speed train and for frequencies above 10 Hz. In this frequency
region, the surface waves become localized in the softer upper layers.
3

Design of vibration mitigation measure
A gabion wall, which consists of baskets filled with
rocks and stones, is considered as a mitigation
measure. The gabions have a width of 1.0 m, a
height of 1.0 m and a length that varies between 1.0
m and 5.0 m. The gabions are combined to increase
the height and length of the noise barrier. Following
design parameters are considered in the simulations
for the gabion wall:




4

Height of 4.0 m
Width of 1.0 m
Position: 4.0 m from centre of track

Photo:Hering Bau www.heringinternational.com

Photo: DB Systemtechnik Hans
-Jörg Terno

Effect of vibration mitigation
The effect of the gabion wall is assessed by means of 2.5D simulations, assuming
an infinite length of the wall. The dynamic properties (ρ = 1700 kg/m³, Cs = 300
m/s, β = 0.02, ν = 0.20) are estimated from the properties of the ballast of a track
[14].
The insertion loss values at 8 m (black), 16
m (red), 32 m (blue), and 64 m (green) from
the track are shown. The wall starts to be
effective above the mass-spring resonance
frequency around 10 Hz. For all distances
from the track, a reduction up to 5 dB is seen
around 16-20 Hz. At higher frequencies, the
effect strongly decreases with increasing
distance from the track.

5

Life cycle costs





Investment costs: 1733-2266 €/m when installed as a noise barrier, lower
investment costs when the requirements for a noise barrier are not needed.
Maintenance costs: no maintenance costs.
Track possession costs: None, the installation is assumed from outside the
track.
Expected lifetime: The expected lifetime is 50 years.
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