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Measured vertical displacements of the railway Amsterdam-Utrecht 
(the Netherlands) versus different model computations

Déplacements verticaux mesurés de la voie ferrée Amsterdam-Utrecht (Pays-Bas) confrontés à 

différentes modélisations

A.A.Eijgenraam, W.Gardien & H.G.Stuit -  Holland Railconsult, Utrecht, the Netherlands

ABSTRACT: In 1997, measurements of the displacements and the accelerations in a railway embankment submitted to the passage of 
trains travelling at high velocities (up to 200 km/h), were performed at four locations of the actual railway Amsterdam-Utrecht (The 
Netherlands). These measurements were aimed at the determination of the maximum admissible train velocity. Based upon the results 
of the on-site measurements and the results of computations using the model of Kenney, is determined how the upgraded sections of 
the track have to be dimensioned. The reliability of the model of Kenney was tested before it was used in the design phase. This paper 
describes this process. Furthermore it is also verified if a finite element model, is capable of giving a good representation of the real
ity; after which the model of Kenney and the finite element model are compared with each other.

RÉSUMÉ: En 1997, des mesures des déplacements et des accélérations d’une voie ferrée soumise au passage d’un train roulant à 
grande vitesse (200 km/h), ont été conduites pour 4 sites sur la ligne ferroviaire Amsterdam-Utrecht (Pays-Bas). Ces mesures avaient 
pour but de déterminer la vitesse maximale admissible. Sur la base des résultats des mesures et des calculs basés sur le modèle de 
Kenney, a été déterminée la manière selon laquelle devraient être dimensionnés les nouveaux tronçons de voie. La fiabilité du modèle 
de Kenney a été examinée avant son utilisation en phase de conception d’ouvrage. Cet article décrit cette dernière phase. De plus, il a 
été aussi vérifié si un modèle aux éléments finis, était capable de simuler correctement la réalité, à partir de quoi une comparaison 
entre le modèle de Kenney et celui aux éléments finis a été conduite.

1 INTRODUCTION

NS railinfrabeheer has undertaken the upgrading of the actual 
railway Amsterdam-Utrecht. This railway is situated in a region 
where soft clay and peat from the Holocene are encountered just 
below natural ground level. Underneath onwards, sand layers 
from the Pleistocene are found. The railway Amsterdam-Utrecht 
is at present widened from 2 to 4 tracks, with simultaneously the 
introduction of higher travelling speeds.

The above-described railway is one of the oldest railways in 
the Netherlands. It was constructed in 1845. The prescriptions 
required in those days for the thickness and the composition of 
the railway embankments were much less severe. No major ad
justments to the railway Amsterdam-Utrecht were made between 
the time of its construction and today. The will to upgrade the 
travelling speed from 140 km/h to 200 km/h, makes necessary to 
investigate to which extend the present railway embankment 
complies to todays requirements for railways with an allowed 
train velocity of 200 km/h. A full-scale on-site test program 
along the railway Amsterdam-Utrecht was an important part of 
this study.

The results of the full-scale test were used to determine 
where, along the railway, soil improvement would have to be 
implemented. In order to come to this decision, computations 
based on the theory of Kenney were also used beside the meas
ured data. Furthermore, a 3D finite element model (3D FEM) 
was used to a limited extend. Additional calculations were car
ried out a few years later using the 3D FEM in order to see if 
such model is able to predict the results obtained through the 
full-scale test.

After a short description of the full-scale test and the gathered 
measurement results, attention is paid to the implemented calcu
lations using the arithmetic model based on the theory of Ken
ney. Finally, the paper focusses on the results of the carried out 
computations using the 3D FEM. These last results will in turn 
be compared to the calculations (with the model of Kenney) 
which were used to determine the needed adjustments of the 
railway Amsterdam-Utrecht.

2 FULL-SCALE TEST

The main objective of the full-scale test campaign, was to verify 
which maximal train velocity was achievable on todays em
bankment. High velocities (>160 km/h) can lead to important 
displacements of the railway track during the train passage. It is 
well known that a train generates shear and Rayleigh waves in 
the embankment and in the underlying ground. The propagation 
velocity of these waves in clay and peat is of the same order as 
the target velocity (200 km/h). The vertical displacements of the 
railway can suddenly considerably increase if the travelling ve
locity of the train gets close to the propagation velocity of the 
shear and Rayleigh waves. Thus, the dynamic amplification 
factor, which is the ratio between the occurring vertical dis
placement during the train passage (at a certain velocity) and the 
vertical displacement occurring under a non-running train, sud
denly strongly increases. Such increase in displacement can lead 
to derailment of the train.

The full-scale test campaign (Eijgenraam, 1999) was fo
cussed on the monitoring, at 4 locations, of the displacement of a 
railway embankment during the passage of a train. To that end, 
each site was extensively instrumented. In total and per site, 8 
displacement transducers were placed; four of which were used 
to measure the horizontal and vertical displacements of the track 
relative to the ballast bed. The remaining 4 transducers regis
tered the vertical displacements of the embankment and the soil. 
In addition, 4 three-dimensional accelerometers were fitted at 
different distances from the rails to measure accelerations in the 
ballast bed and the railway embankment. There were also 3 pore 
pressure cells installed at different depths under the embank
ment. Finally, a laser detection device registered the passage of 
the wheelsets.

The definitive experimental sites were chosen on basis of the 
encountered soil profile at the different sites. A comprehensive 
geo-technical survey was conducted in order to choose the most 
appropriate test sites (Eijgenraam, 1998 & 1999). The investiga
tions showed that the existing railway is characterised by a sandy 
embankment with a thickness of 1.5 m to 2.5 m. Underneath the
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embankment, is a set of soft layers, some 5 m thick to be found, 
of which the upper part (2 to 3 meters) consists of a silty clay 
(Ywei ~ 15 kN/m3) and the lower part of peat (ywct ~ 10.5 kN/m3). 
This set of soft soil lays above a firm Pleistocene sand.

The soil survey also revealed that a concrete slab lies under 
the railway Amsterdam-Utrecht between km 11.9 -km 17.9 and 
km 24.3-km 25.1. This concrete slab has a thickness of about 0.4 
m and is laid some 0.7 m to 1.0 m under rail level.

The definitive experimental sites were located at km 12.4, km
13.3, km 16.9 and km 26.5. At these locations additional soil 
surveys were carried out. They consisted of Begemann core 
borings (2 per location) and Seismic Cone Penetration Tests (2 
per location). This additional survey was implemented in order 
to generate enough input data for the computations with the 
various models.

The measurements were conducted during 3 weekends (De- 
genhart et al, 1997; Van Oosterhout, 1997; Van Oosterhout et al, 
1997). They were carried out during several passages of a Thalys 
PBKA. The series of test runs were conducted with a steady in
crease in the train speed at each run. At the end, a train velocity 
of about 200 km/h was achieved at only one location (km 12.4). 
At the remaining locations, the highest achievable velocities re
mained somewhat lower: 188 km/h at km 26.5 and 194 km/h at 
km 13.3 and km 16.9.

3 MEASUREMENT RESULTS

The measurement data gathered is processed in a number of fig
ures. Two types of these diagrams are presented in Figure 1 
hereunder. The two upper diagrams give, per instrumented loca
tion and for a train passage at the highest velocity, a figure 
showing the total vertical displacement of the embankment (in 
mm, and with respect to the stable Pleistocene sand) plotted 
against time (in sec). The two last diagrams give for each test run 
the maximum value of the vertical displacement of the embank
ment (in mm with respect to the stable Pleistocene sand). These 
values are plotted against the train velocity which trigged those 
displacements. Figure 2 presents the measurement results for all 
four locations.
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Figure 2. Measured maximum displacements for all test runs.

The analysis of the gathered data produced a couple of important
observations:
-  The measured vertical displacement of the track was in all 

cases smaller than 2.0 mm. The maximum displacement was 
measured for the location at km 12.4.

-  The measured vertical displacement of the track is mainly 
determined by the vertical displacements occuring in the peat 
layers.

-  The clay layers, present at various locations, play a signifi
cant part in the occurring of vertical displacement, only if its 
ywet is relatively low (12 kN/m3 to 13 kN/m3).

-  The measurements show no clear relationship between the 
thickness of the sandy embankment and the vertical dis
placement of the track.

-  The measurements show no clear relationship between the 
presence of the concrete slab and the vertical displacements 
of the track.

-  The measurements show that the track is slightly lifted during 
the time between the passage of two successive bogies. These 
vertical displacements seem to have a maximum value in the 
order of 0.5 mm (at km 12.4).

-  The pore pressure cells registered no change in the pore pres
sure during the passage of the trains.

4 COMPUTATIONS USING KENNEY’S MODEL

In order to determine which sections of the railway would have 
to be improved as higher speeds were to be introduced, an ana
lytical arithmetic model based on the theory of Kenney was first 
put into practice. Kenney (in 1954) gave an analytical solution 
for a model where a point load moves at a constant velocity on 
an Euler-Bemoulli beam. The beam rests onto linear elastic 
springs. Kenney showed that the analytical solution for a point 
load travelling at a determined velocity is infinite. Kenney called 
this velocity the critical velocity and expressed it as follows:
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(1)

with:
Ver
E
I
k

P

critical velocity [m/s] 
elasticity modulus of the beam [N/m2] 
moment of inertia of the beam [m4] 
rigidity of the underlying soil [N/m] 
density of the beam [kg/m3]

Figure 1. Measured data at highest train velocity.

Kenney has also described an Euler-Bemoulli beam, which is 
being supported by, beside the linear elastic springs, viscous 
dampers. For this model, Kenney also used an analytical solu
tion. The critical velocity for this model is identical to the earlier 
given expression of the critical velocity (Formula 1).

This last model of Kenney was used for the calculations upon 
which was determined where the improvements were necessary. 
The reliability of the results generated through this model was 
evaluated before its implementation. For this, computations were
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Figure 3. Calculated dynamic amplification factor (Kenney).

Figure 4. Calculated vertical displacements (Kenney).

carried out, for the four test locations, to determine the vertical 
displacements during the train passage and to the critical veloc
ity. The conducted computations always follow two steps:
1. At first is determined, for each location, which flexural rigid

ity (El) and which rigidity (k) can be attributed to respec
tively the beam and the underlying soil. These determinations 
are made using a finite element model. This model describes 
the embankment (including the track) and the soil layers, us
ing dynamical properties of the soil (Branderhorst 1997). The 
sought-after flexural rigidity and rigidity are found by loading 
the finite element model with a stationary point load system 
which mimics the axle load of the train.

2. The second step of the computation process is the actual cal
culation using the model of Kenney, where the results of the 
first step and an axle load are used as input data. The velocity 
of the axle load is varied.

The results of the computations using the model of Kenney are 
given in Figure 3. In the figure, the dynamic amplification factor 
is plotted against the velocity of the axle load.
Because a train needs to be schematised with more realistic axle 
loads, a computation was carried out with the complete axle 
system that the test train had at each location. This was achieved 
by superposition of solutions based on one axle load. With this, 
at each location, the maximal measured train velocity was taken 
as the velocity of the axle load. The results of these computa
tions are given in Figure 4. In this figure, the absolute value of 
the calculated vertical displacement is plotted against the posi
tion of the bogies of the train.
The results of the computations using the model of Kenney show 
the following facts:
-  The dynamic amplification factors which were found for axle 

velocities around 200 km/h (« 55 m/s), are relatively small: 
For the location at km 16.9 a factor of about 1.10 is found, for 
the locations at km 12.4 and 13.3 this factor amounts to 1.05 
and for the location at km 26.5 this factor comes up to 1.02. 
The dynamic amplification factor, determined through the 
measurements for the maximum train velocity, had values 
ranging between 1.23 (km 13.3) and 1.53 (km 12.4).

- For all 4 locations a high critical velocity was found. For the 
location at km 16.9 a critical velocity of about 300 km/h is 
found, for the site at km 13.3 the critical velocity lies around 
the 375 km/h, for the location at km 12.4 the critical velocity 
is 475 km/h and finally for the location at km 26.5 a critical 
velocity of about 625 km/h is found.

-  The calculated vertical displacements are generally higher

than those measured at the experimental sites. The value for 
the calculated vertical displacements (1.6 mm) is only lower 
than the measured value (1.9 mm) for the experimental site at 
km 12.4.

-  The difference between the calculated vertical displacements 
at maximum train velocity and the measured vertical dis
placements is relatively small for the location at km 12.4 and
26.5 (in the order of 25 %) and relatively important (in the 
excess of 80 %) for the other two locations.

A maximum vertical displacement of the embankment of under 3 
mm is demanded as criterium for the design of the railway Am- 
sterdam-Utrecht. The results of the computations using the 
model of Kenney showed clearly that, generally, the model pre
dicted too high vertical displacements. Therefore the use of the 
model of Kenney for design purpose led to a conservative pre
diction, and its use was considered to be safe.

5 COMPUTATIONS USING A FINITE ELEMENT MODEL

During the time of the assessment of the locations of the actual 
railway, a computation was also carried out using a 3D finite 
element model (3D FEM). This computation was set up for km
12.4. Because computations using a 3D FEM were in 1997 
rather time consuming and expensive, the amount of carried out 
computations was restrained to one. Recent technical develop
ments allow easier access to finite element models than in 1997. 
Because of this, 3 complementary computations using a finite 
element model were recently carried out. They concern the re
maining experimental locations (km 13.3, km 16.9 and km 26.5).

The advanced 3D FEM is set up within the package An- 
sys/LS-Dyna using 8 nodes volume-elements, allowing the 
schematization of all the occurring waves in the soil and their 
mutual influence; the reality is, therefore, better accessed.

In a finite element model, the double-track railway embank
ment (included the track) is modelled as a stratified, linearly 
elastic, semi- infinite mass. Through choosing a model boundary 
based on symmetry (parallel the track) situated in the axis of the 
double track railway embankment, and using similar symmetri
cal boundaries in the place of model boundaries perpendicular to 
the track, it is possible to keep the domain to model restricted. 
This, in turn, limits the needed amount of elements. In order to 
avoid unwanted interferences in the model, the remaining model 
boundaries were introduced as non-reflective boundaries.
Both the embankment (included the track) and the underlying 
soil, as far as relevant, were introduced in the model. The em
bankment and the soil layers were described through a dynamic 
modulus of elasticity {Edyn), a dynamic Poisson’s ratio (udy„), a

Table 1. Input data (3D FEM)

Location Type 
o f soil

Edyn

[Mpa]

Vd Pdyn

[kg/m3]

Dmat

[%]

cs

[m/s]

Km 12.4 Ballast 800 0.45 2000 2 372

Sand 265 0.30 1870 3 247

Clay 17 0.49 1280 5 67

Peat 7.50 0.49 1040 5 49

Sand 140 0.45 1980 3 156

Km 13.3 Ballast 800 0.45 2000 2 372

Sand 77 0.30 1670 3 133

Clay 10.7 0.49 1260 5 53

Peat 7 0.49 1010 5 48

Sand 356 0.45 1990 3 248

Km 16.9 Ballast 800 0.45 2000 2 372

Sand 31.5 0.30 1572 3 88

Clay 13 0.49 1500 5 54

Peat 9.6 0.49 1200 5 52

Sand 44 0.45 1980 3 88

Km 26.5 Ballast 800 0.45 2000 2 372

Sand 157 0.30 2100 3 170

Clay 53 0.49 1430 5 112

Clay 22.3 0.49 1250 5 77

Peat 2.50 0.49 1040 5 28

Sand 241 0.45 1980 3 205
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Figure 6. Calculated dynamic amplification factor at km 13.3,

16.9, and 26.5 (3D REM).

dynamic density (pjy„), a percentage of damping (Dmat) en a 
shear wave velocity (Cj).

Just as in the computation with the model of Kenney, the load 
is, at first, limited to one axle load. This axle load was modelised 
as a pulsatile load (applied time of 1/50 sec), spread across the 
width of the embankment. Using the outcome of several com
putations, which are made on the basis of one axle load, it is then 
possible to schematise a complete train. Computations were car
ried out, for each of the four experimental locations, using a 3D 
FEM. The computations were implemented using the data pre
sented in Table 1. The computation results are presented in the 
figures below. In Figure 5 the absolute value of the calculated 
vertical displacements at km 12.4 is plotted against the velocity 
of the axle load.
In Figure 6 the calculated dynamic amplification factors are 
plotted against the velocity of the axle load, this for the locations 
at km 13.3, km 16.9 and km 26.5.
The computations with the finite element model show that:
-  The dynamic amplification factors which were found for an 

axle velocity around 200 km/h (a 55 m/s) are generally rela
tively small: For the location at km 13.3, km 16.9 and km
26.5 an amplification factor of about 1.25 was found. A 
higher factor of 3.5 was found only for the location at km
12.4.

-  For all locations, a relatively low critical velocity was calcu
lated. For the locations at km 12.4 and km 16.9, a critical ve
locity of about 270 km/h was found, for the locations at km
13.3 and km 26.5 the critical velocity is settled around the 
315 km/h.

-  The calculated vertical displacements at the maximum train 
velocity are in all cases smaller than those measured at the 
experimental sites.

-  The difference between the calculated vertical displacements 
at maximal train velocity and the measured vertical displace
ments are relatively minor, varying from close to 0% at km
26.5 to about 35 % at km 13.3. The difference between the 
calculated vertical displacement at maximum velocity and the 
measured vertical displacement is maximum at km 12.4, 
namely 0.51 mm.

1. Based on reel input parameters, it seems impossible to calcu
late vertical displacements which have a good correlation 
with the on-site measured vertical displacements : with the 
3D FEM, values of the vertical displacement are generally 
too low, whereas the model of Kenney produces too high val
ues.

2. The vertical displacements, which were calculated using the 
finite element model, are better correlated with the measured 
values than the vertical displacements calculated using the 
model of Kenney.

3. The dynamic amplification factor based upon the measure
ments at high train velocity appears to be fairly W mm pre
dictable with the 3D FEM. On the other hand, the model of 
Kenney generates too low value for this dynamic amplifica
tion factor.

4. Because of the lack of measured data, it is not possible, at this 
point, to draw any definitive conclusion concerning the pre
diction of the critical speed.

5. The results of the calculations (both models) carried out for 
the test location at km 12.4 differ quite strongly with the re
sults of the on-site measures gathered at that location. There
fore further investigations in relation to that particular loca
tion should be carried out.
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6 CONCLUSION

Based upon, on one hand, a comparison between the gathered 
measured data and on the other hand the computations using two 
models, namely the model of Kenney and a 3D FEM, it is possi
ble to conclude that:
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