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Soil stabilisation by lime-cement columns as a countermeasure against
train-induced groundvibrations
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desvibrationsde terre
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ABSTRACT: Vibrations from trains can cause annoyance to people as well as damage to nearby buildings. Trains running on surface
railways can cause vibrations at frequencies mostly below 20Hz. At low frequencies the maximum level of vibration is highly de
pendent on train weight as well as train speed. This limits the allowable axle loads and speed for this kind of traffic. To permit higher
axle loads or higher train speeds, sometimes it is necessary to reduce the level of vibrations induced in the soil. Stabilization of un
derlying soil by for example lime-cement column is one of the methods that can be used for this purpose. This method is adopted at
Ledsgard in southern Sweden in order to solve the problem of extensive ground vibrations due to the passage of X2000 high-speed
trains. This unique opportunity has been used to study the ground vibrations both before and after the stabilisation. Furthermore
ground vibrations measured in this way are compared with the results from numerical models of the problem in order to develop ef
fective tools for designing countermeasures in other areas with ground vibration problems.
RESUME: Les vibrations des trains peuvent causer l'ennui aux gens aussi bien que des dommages aux bâtiments voisins. Les trains
fonctionnant sur les chemins de fer extérieurs peuvent causer des vibrations aux fréquences la plupart du temps au-dessous de 20Hz.
A de basses fréquences le niveau maximum de la vibration dépend fortement du poids de train aussi bien que la vitesse de train. Ceci
limite les chargements et la vitesse permis d'axe pour ce genre de trafic. Pour laisser des chargements plus élevés d'axe ou des vitesses
plus élevées de train, parfois il est nécessaire de réduire le niveau des vibrations induites dans le sol. La stabilisation du sol fonda
mental par par exemple la colonne de chaux-ciment est un des méthodes qui peuvent être utilisées à cette fin. Cette méthode est
adoptée chez Ledsgard en Suède méridionale afin de résoudre le problème des vibrations de terre étendues dues au passage de hauts
trains de la vitesse X2000. Cette seule occasion a été utilisée comme moyen d'étudier les vibrations de terre toutes les deux before.and.after la stabilisation. En outre les vibrations de terre ont mesuré de cette façon sont comparées aux résultats des modèles
numériques du problème afin de développer les outils pertinents pour concevoir des contre-mesures dans d'autres zones avec des pro
blèmes de vibration de terre.
1 INTRODUCTION
In order to reduce train induced vibrations at a distance from the
track, several issues such as generation of the waves at the
source, propagation of them through the media, and interaction
of the waves with the structure at receiver must be considered.
At each of the links mentioned, countermeasures could be taken
to reduce the vibrations and their effects.
Basically three different approaches to the problem of
ground-bome vibration control can be recognised, Bahrekazemi
& Hildebrand (2000), i.e. theoretical, numerical and experimen
tal methods. While most of the available formulas for prediction
of vibration levels are empirical, and based on field measure
ments, analytical models can describe some interesting and im
portant aspects of the phenomena.
The most complete prediction method covers prediction of
the force, vibration at the source and vibration at different dis
tances from the source (geometrical and material attenuation).
Jones (1994), names source mechanisms of vibration from train
passage as roughness generated vibration in the track, parametric
excitation at the sleeper passing frequency, and quasi-static vi
bration due to the moving load. Several vibration reduction
methods, such as resilient base plates (soft pads), floating slabs,
barriers in the form of trenches, line-side masses and layered
track are briefly discussed by him. It is stated furthermore that
soft pads give a good vibration reduction above about 40-60 Hz
while resiliently mounted sleepers and slab tracks seem to reduce
vibrations at frequencies above 20 Hz.
Madshus & Kaynia (1999), discuss how vibrations under
track depend on the axle load, the distance between axles and the
speed of the train, and therefore the critical speed at which ex
treme vibrations occur is different for different combinations.

Furthermore they report that dynamic strains in the ground and
embankment under passage of high-speed trains are so high that
the soil behaves non-linear. They have used an equivalent linear
model with reduced shear modulus for simulating this phenome
non. Kaynia et al. (2000), have used a model consisting of a
beam (track/embankment) on a horizontally layered viscoelastic
half-space to predict the effect of a stiffening beam under em
bankment. According to them such a beam under embankment
may reduce the peak deformation by about 30-60% depending
on train speed.
According to Ahmad & Al-Hussaini (1991), barriers are ef
fective when the wavelength is comparable to or smaller than the
barrier depth. They present a simplified method for prediction of
effectiveness of rectangular wave barriers in homogenous soils,
based on the results of a dimensionless parameter study, using a
2-D BEM model. Both the width and depth of the trench are re
ported to be important for the effectiveness of in-filled trenches.
Considering the widespread usage of lime-cement mixtures for
soil stabilisation and reduction of permanent deformations in soft
soils in Sweden, it is a natural development to use the technol
ogy in vibration reduction purposes where possible. Limecement mixtures can be used to stabilise the soil under embank
ment and thereby increase the stiffness of the soil-embankment
system as shown in figure 1.
Although the vibrations induced in the soil can be simulated with
good approximation using numerical models, Bahrekazemi &
Bodare (1999), and Hall (2000), it still is not an easy task for the
engineer to evaluate the effect of a countermeasure and design
an optimised one for a given situation. Therefore a simplified
method of evaluating and designing of such a countermeasure
based on experiences and measurements from similar cases
would be very beneficial to future projects.
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Figure 1. Stabilisation o f soft soil under em bankm ent by lim e-cem ent mixture.

2 MEASUREMENTS

nology (KTH) in Stockholm. The purpose of the project is to de
velop methods for prediction of vibration reduction in the ground
for such countermeasures as shown in figure 1. In the first stage
of these measurements that was carried out in May 2000, about
20 receivers as shown in figure 2 were used to record vibrations
on the surface and in depth (3/5m) as trains of different types
passed by. The reason behind choosing this site was the fact that
excessive ground vibrations due to passage of X2000 high-speed

In the framework of a project named FreightVib, a series of
measurements has been carried out at Ledsgârd, a site along the
West Coast line in southern Sweden. This project is being car
ried out in a co-operation between Department of Soil & Rock
Mechanics and the Marcus Wallenberg Laboratory for Sound
and Vibration Research (MWL) at the Royal Institute of Tech
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Figure 4. Pow er spectrum o f vertical particle acceleration at 7.5m from the m idpoint o f the track for freight train.
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Figure 5. Pow er spectrum o f vertical particle acceleration at 7.5m from the m idpoint o f the track for X2000 train.

trains had been reported from this site and in near future coun
termeasure works w ould be done in order to reduce the vibra
tions by installing lime-cement colum ns under the track. There
fore it was a unique opportunity to compare the situation before
and after the work and evaluate the design and prediction meth
ods for similar situations. The second stage o f measurements
was carried out after the soil stabilisation in October 2000.
The soil at Ledsgird site, consists of, about 1.5m dry crust
overlaying about a 3m thick layer o f soft clay with organic con
tent, and below that is soft clay with gradually increasing shear
strength with depth, (Bengtsson et al. 1999). The shear and com
pression wave velocities o f the soil as well as the soil density
from ground surface to the bedrock, w hich is at an approximate
depth o f 50m varies as shown in figure 3.
Figure 4 and figure 5 show the power spectrum o f particle accel
eration at a distance o f 7.5m from the mid-point o f the track for
two train passages, Hildebrand & Bahrekazemi (2000). As it can
be seen almost all the energy o f vibration lies at frequencies be
low 15Hz for both freight and X2000 trains.

3 NUM ERICAL MODELS
3.1

2-D model using ABAQUS

Despite the fact that a 2-D model o f a three dimensional real
ity can not capture all aspects o f the phenomenon, the considera
bly lower CPU time need for a 2-D model compared to a 3-D

one, makes the 2-D model a very interesting option in a pa
rameter study where m any different combinations o f controlling
parameters are to be studied.
There are several methods available for dynamic analysis by
ABAQUS. In case o f linear problems the analysis is generally
performed using the eigenmodes o f the system as a basis for the
response o f it to the dynamic loading. Here the direct integration
method has been adopted in order to provide the possibility of
studying the effect o f non-linearity in the system.
As the model only consists o f 40m width and 10m depth of
soil, the effect o f boundaries that are introduced in the model in
this way must be taken into account and removed from the
model using different methods provided by ABAQUS. One way
o f solving this problem is to use infinite elements at the borders
o f the model. These elements prevent the reflection o f incoming
waves at the boundaries. In this way the standard finite element
is used to model the region o f interest while infinite elements
models the far field region. The solution in the far field is as
sumed to be linear, so that only linear behaviour is provided for
the infinite elements. In dynamic analysis, the material response
in these elements is also assumed to be isotropic. During dy
namic steps the infinite elements have additional normal and
shear tractions on the finite element boundary that are propor
tional to the normal and shear components o f the velocity o f the
boundary so that reflection o f dilatational and shear wave energy
back to the finite element region is minimised. Although this
formulation is mostly suitable in cases when plane body waves
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impinge orthogonal on the boundary, it usually gives acceptable
quite boundary modelling in other situations too. As these ele
ments do not provide any stiffness during dynamic response,
some rigid boundary motion of the model will occur unless the
loading is self-equilibrating and results in a zero total rigid
movement.
One way of treating the rigid body motion is to correct the re
sults for this movement. For example in case of an impulse
loading the acceleration of the model will be zero. Knowing the
final displacement of the model and the time needed for this dis
placement, the effect of the rigid body motion with constant ve
locity due to the impulse loading can be accounted for and the
results can easily be modified for this effect.
Another way of modelling the same problem is to use springs
and dashpots instead of infinite elements and in this way provide
the needed stiffness during dynamic analysis. In ABAQUS, the
spring behaviour may be linear or non-linear. As the stresses will
decrease with depth very rapidly, it is appropriate to choose lin
ear springs for modelling the underlying soil at the bottom of the
model. Using dashpots with a coefficient c as defined by equa
tion 1 at the boundary will result in absorption of the elastic en
ergy of the incoming wave so that the wave will not be reflected
into the finite element region.

c = p - v m •A

(1)

p : The density of the material.
v„ : The wave propagation velocity inside the medium.
A : The cross-sectional area of the material replaced by dashpot.
Stiffness of springs at the bottom of the finite element region
can approximately be determined by the method proposed by
Biot (1937) for an infinite beam on an elastic foundation. Here
the finite element region is modelled as a beam with one meter
breadth, resting on the subsoil as shown in Figure 6.
Stiffness of the springs lying under the finite element region
can then be determined using equation 2, Biot (1937).
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Material damping is another issue that should be considered
in such a numerical model. One option that is provided by
ABAQUS to include damping in a direct integration analysis is
"Rayleigh" damping. In order to introduce such a damping in the
system the user gives the two Rayleigh damping factors, aR for
mass proportional damping and
for stiffness proportional
damping. For a linear problem, these provide a damping matrix
[C] as given by equation 3.

[C] = a ,[ M ] + A W

n n n

ini iiin11n

h i

( 3)

Where [M] and [K] are the mass and stiffness matrix respec
tively.
In this way a damping ratio as given by equation 4 will be in
troduced in the system, which is dependent on the frequency go.
Knowing damping ratios for two different frequencies, aRand
can be found from equation system 5.
and ah are two frequen
cies close to the dominant frequencies of the system and there
fore the damping that is introduced to the system in this way is
correct only in the neighbourhood of these frequencies.
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Where k is modulus of the foundation corresponding to dis
tributed springs under the finite element region. E is the elastic
ity modulus of the underlying soil. Eb is the elasticity modulus of
the beam material, which is taken as average of the Young’s
modulus of the different layers of the soil in the finite element
region, b is the width of the beam which here is equal to one unit
length and I is the moment of inertia of the cross section of the
beam.
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In order to determine ¡a, and a>2, results from vibration meas
urements were used to achieve a damping ratio close to 5% as
reported by Hall (2000). Referring to figure 4 and figure 5 it can
be seen that a>\ =4Hz and a>2 =7Hz are two appropriate frequen-
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Figure 7. The mesh as used for 2-D model. The em bankm ent is one m eter high and four m eters w ide on a layered
soil according to table 1, which is 10m deep, and 40m wide
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Figure 8. Time history o f the dynamic load applied on top o f the
embankment as shown in figure 7.
cies for this purpose. Assum ing a material damping ratio ^>=0.04
and £>= 0.05 respectively for these two frequencies, the damping
factors will be obtained as,afc=0.853 and
=1.833 x 10'3.
In order to choose the maxim um size o f the finite elements in
the mesh, first m ust the m aximum frequency existing in the sys
tem be determined. A ssum ing that a minim um o f 9 nodes per
shortest wavelength is needed, the minim um wavelength that can
be simulated by the m odel is found using equation 6. Here 8node biquadratic plane strain elements with an element size o f
0.5m is used that for a minim um shear wave velocity equal to
45m/s, will result in a m axim um frequency o f 11.3Hz in the
system according to equation 7. As it can be seen from figure 4
and figure 5, the major part o f the energy is carried by frequen
cies well bellow 11 Hz for both freight train and X2000 trains,
therefore the chosen elem ent size is suitable.
^min = 8 x Node distance

3.2

(6)

Figure 9. Comparison betw een vibration before and after soil
stabilisation, calculated by the 2-D model.

as shown in figure 7 is situated at a distance o f 7.5m from the
load. According to figure 9 the estimated reduction in maximum
amplitude o f the vibration at this point will be about 26%.
Measurements at the site before and after the soil stabilisation
for two similar freight trains are presented in figure 10 and figure
11. It can be seen from the figures that reduction in the maxi
m um amplitude o f the vibration at this point is about 40% o f the
vibration level before LC-C stabilization. Regarding the sim
plicity o f the model the prediction made could be considered as
acceptable for m ost practical purposes. In case o f X2000 trains
the soil stabilisation method is more effective in reducing the vi
bration level as the critical wave speed o f the ground is also in
creased by the countermeasure. In order to m ake acceptable pre
dictions in case o f high-speed trains such as X2000 a 3-D FEM
model seems m ore appropriate as it can take into account the
speed o f the train and thereby supercritical effects.

Material properties
Before LC-C

Here a set o f material properties corresponding to the situa
tion at Ledsgard site has been used to study the effect o f the soil
stabilisation by lime-cement colum ns under the track to a depth
o f about 10m. The shear and compression wave velocities as
well as the soil density profiles are shown in figure 3. A damping
ratio o f 5% has been assumed for this model.
3.3

>

Loading

-10 -I---------- ,---------- ,---------- ,---------- T----------,---------0

The dynamic load on the em bankm ent is applied as shown in
figure 7. The response o f the system to this loading is presented
in the next section.
The total num ber o f elem ents o f the 2-D model presented
here is 1822. The elem ents are 0.5x0.5m in size and are o f the
type 8-node biquadratic plain strain elements provided by
ABAQUS, and the total num ber o f nodes is 5123. A time incre
m ent o f 0.01 seconds has been used for this simulation and the
total time o f simulation has been about 1.5 second after applying
the load.
Here the existing geometrical and loading symetry in the
system has not been used so that the model can be reused for
other loading conditions in the future (for example to study vi
brations at longer distances from the track). Another reason why
sym metry has not been used is to study the effect o f changes in
one side o f the track on the vibration levels on the other side o f it
(for example a trench barrier on the other side o f the track).
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FigurelO. Particle velocity at 7.5m from the track during passage
o f freight train before LC-C stabilization.
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RESULTS

Figure 9 shows the times history o f vibration before and after
lime-cement stabilisation o f soil for point 2 in figure 7. The point

Figurel 1. Particle velocity at 7.5m from the track during passage
o f freight train similar to the one in figure 10, after LC-C.
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CONCLUSION

Measurements done before and after soil stabilization by lime
-cem en t columns under railway embankment at Ledsgird site in
southern Sweden, show that train induced vibrations can be re
duced effectively by this method.
Here a 2-D FEM model using ABAQUS program was used to
predict the reduction in ground vibration after the LC-C stabili
zation. Although the predicted reduction o f 26% is less than the
measured reduction, w hich is 40% for this case, the simplicity o f
the model makes it an acceptable tool for designing such coun
termeasures in similar conditions. A 3-D FEM model seems
more appropriate in order to make acceptable predictions in case
o f high-speed trains as it can take into account the speed o f the
train and thereby supercritical effects.
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