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Ir. F,C. de NXE 

Netherlands Railways

|Y 2 UNDULATION OF RAILWAY EMBANKMENTS OU SOFT SUB-SOIL DURING PASSING OF TRAINS

1. INTRODUCTION.

When trains pass along a railway,the ax- 
le-loads of the carriages are transmitted by 
the sleepers onto the foundation. In order to 
keep the tensions in the soil within admiss
ible limits, a layer distributing the press
ure under the sleepers is made use of, con
sisting of a ballast of gravel or stone, un
der which there is a road-bed.

When several railways were built in the 
Netherlands, the road-bed at that time was 
made of soil taken from ditches at both sides 
of the track or from pits dug for that pur
pose, while a thin ballast—bed of sand was 
applied.

The upkeep, comprising the raising to 
their former level of the road-beds after 
these had subsided, was executed with sand.

Roundabout 1900 a ballast of gravel was 
applied, and the further upkeep too was exe
cuted by means of gravel.

This method was also followed in the case 
of railways on 30ft and marshy sub-soils.Now 
it is well-known that, if the road-beds are 
constructed on soft sub-soils, the track and 
the ballast do not get a firm position and 
that far more upkeep is required, than when 
the road-beds are lying on firm sub-soil. For 
this different causes may be indicated:

a. The slow consolidation of the soft layers, 
causing a settling of the road-bed, which

as a consequence of the varying constitution 
of the soft layers often is unequal. This 
settling necessitates the road-bed being re
peatedly brought back to its profile.

b. The slow deformation of the soft layers, 
causing a continual subsiding of the shoul

ders of the road-bed. This phenomenon may be 
observed when it is accompanied by longitudi
nal rents in the road-bed beside the tracks 
and sometimes too between the tracks. It causes 
the outside rails of double-track railways to 
be liable to settling, which necessitates re
peated lifting of the tracks.

c. The pressing away of the ballast into the 
soft sub-soil, whether as a consequence of

bad drainage of the road-bed or not; resulting

in the formation of ballast pockets; and ne
cessitating the tracks continually to be stopp
ed up under the sleepers. This phenomenon is 
rarely observed in the Netherlands.

d. The undulation of the railway embankment; 
this phenomenon will now be amply discussed.

2. GENERAL.

If the foundation of a railway consists 
of soft sorts of soil, experience shows, that 
under the axle-loads a measurable subsidence 
of the whole road-bed may occur as a result of 
the deformation of the sub-soil. After the 
passing of the axle the road-bed resiles to 
its former position. A.s this subsidence

FIG.1

POINT

1

2

3

Undulations observed between Gouda and Oudewater

FIG. 2

DESEL- TRAIN. ELECTRC-TRAIN. AND TRAIN.



9

resilience progresses with the train and may 
be clearly seenf the name "undulation of the 
road-bed" came into being.

For the first time this phenomenon was 
observed in 1930 on the railway between Delft 
and Schiedam. There the vertical movement of 
the road-bed was 3 to 5 mm.

In 1938 when the strengthening of the 
road-bed between Gouda and Oudewater was be
ing executed, the undulation of the road-bed 
wa3 measured at several points by means of 
apparatus for registration (vide fig.l). 1)

Such an apparatus registers the undulation 
of the railway embankment on a strip of paper T 
which is being moved with a certain velocity. 
The apparatus itself is erected on a firm 
point V, while the writing-pin S is connected 
with a short pile B, which is dug into the 
road-bed and so takes part in the movements of 
the road-bed. The connection takes place by 
means of a lever A which increases the move
ments either twice or three or four times ac
cording to what may be desired. The firm point 
is formed by a screw auger, which is bored 
into the solid sand under the soft layers 
and is prolonged with the necessary tubes.

Some of the undulations which have been 
registered at several places have been indi
cated in fig. 2. It appeared that extensive 
undulations occurred in places where ballast 
bed + road-bed had a slight thickness.

The undulation decreases with the depth, 
which appears from measurements of undulations, 
executed at different depths in the soft 
layers. The result of these measurements has 
been depicted in fig. 3-

The undulation, however, does not de
crease with the depth in the same degree in 
all sorts of soil. The figure clearly shows 
that the decrease in peat is very slight Tfcen 
compared with other 3orts of soil. This will 
be discussed later on.

3. MAWTTRP IN WHICH THE DEFORMATIONS OF THE 

SOB—SOIL IH QAKB OF UNDULATIONS OF THE 

ROAD-BED ABE BBOPGHT ABOUT.

The normal settling of layers of soil 
when being loaded is caused by shifting of 
particles of soil whilst the superfluous wa
ter in the pores is driven out by that shif
ting.

Especially when the kinds of soil are 
scarcely permeable, considerable time is ne
cessary for this, during which time the load 
must remain. Hence it is not, at any rate 
scarcely, possible that this phenomenon can 
take place in case of undulation of the rail
way embankment, as the duration of the loading 
is too short to drive the water out of the 
pores. Therefore no permanent subsidence is 
measured after trains have passed along un
dulating sections of the road-bed.

These facts show that the deformation of 
the sub-soil under road-beds of railways when 
trains are passing does not take place as a 
compression of the layers of soil according to 
the customary ideas in soilmechanics, so that 
the theories valid in soilmechanics are not 
applicable here.

Hence the phenomenon of undulation of 
the road-bed must be explained by the elastic 
deformations of the composition of solid mat
ter and liquid (and eventually gas) during the 
passing of trains, no displacement having ta
ken place when the ultimate condition is 
reached and all particles of the sub-soil 
having returned to their points of departure.

Under the influence of such loads of 
short duration as occur during the passing of

trains this composition may be considered as 
completely incompressible and so in a certain 
sense may be considered as a viscous liquid. 
This supposition is supported by the analogy 
between the image of the radial extension of 
a disturbance of equilibrium in the surface of 
a liquid and the extension of the wave-pheno- 
mena caused by a railway embankment on soft 
sub-soil in its surroundings during the passing 
of a train.

Subsequent phases of the deformations in 
the sub-soil may be schematically indicated 
according to fig. 4.

The measurements have shown that where 
the ballast bed and the road-bed are thin, 
there is more undulation than where there are 
thick ballast- en road-beds. This forms an in
dication for a ratio between the undulation 
and the tension in the sub-soil.

Therefore it is important to keep down 
the tension in the sub-soil in order to combat 
the undulation of the roadbed. In order to ob
tain some insight how this may be done we shall 
now examine how the tensions in the sub-soil 
spread under a load.

FIG.4

4. SPREADING OF THE TENSIONS IN THE SPB-SOIL.

The tensions appearing in the sub-soil un
der a loaded sleeper may be calculated according 
to Boussinesq, whose theory was adapted to the 
physical properties of soil by introduction 
of the factor of concentration n.

A graph of the progress of the vertical 
tensions on a horizontal plane has been de
picted in figure 5 for different depths. From 
this it appears, that when the depth increas
es, the tensions are distributed over a con
tinually larger area and that therefore the 
tension decreases when the depth increases.

5. DISCUSSIONS OF THE FACTORS WHICH INFLUENCE

t he MAftNTTTIDE OF THE TENSIONS IN THE

SDB^SOIL.

aj Movement of the loads.
It will be clear that when loads are moving, 

the tension in a determined point of the sub
soil increases more rapidly in proportion as 
the velocity of the movement of the loads is 
greater.

The tension in the sub-soil therefore in
creases more suddenly in proportion as the 
loads have a greater velocity.

Hence the intenser undulation of the 
road-bed which according to the observations 
takes place when the velocity of the trains 
is greater, may be explained as follows:

As is well-known, when the state of mo
tion or rest of a body is changed by sudden
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forces, the magnitude of energy la twice what 
it would, he in case the forces were to in
crease gradually. In the latter case the de
formation takes place gradually; in the first 
case the superfluous energy is transmuted in
to an oscillation about the ultimate position. 
That is why above a certain velocity resi- x )  

lienee takes place and the road-bed tempo
rarily acquires a position highter than the 
original one.

So a more sudden appearance of loads 
involves an intenser undulation of the road

bed.
Hence decrease of the undulation of tne 

road-bed may be obtained by diminishing the 
velocities of the trains. This can only be 
applied as a temporary measure.

b) The thickness of the road-bed.
From fig. 5 it also appears that the

tensions in the sub-aoil during the passing 
of trains increase in proportion as the road
bed is thinner. The tension namely at a depth 
a as a result of the load is higher than the 
tension at greater depths, e.g. b and c.

If the bottom of the road-bed is at a 
depth a, then the tensions in the sub-soil 
during the passing of trains will therefore 
be higher than if the bottom were at a greater 
depth.

Hence making the road-bed thicker(raising 
the track) diminishes the undulation of the 
road-bed," which has already been observed 
from the measurements.

Moreover the increase of the tension in 
any point of the sub-soil under a road-bed 
when a load with a certain velocity is 
approaching is greater in proportion as the 
road-bed is thinner. The tension at the depth 
a namely is not only greater in proportion as 
ihe road-bed is thinner, as has been remarked, 
but the distance too which a load has to 
traverse to raise the tension in the sub-soil 
from zero to its mAT-iimiTn is smaller in pro
portion as the road-bed is thinner (l<m<n ) 
(vide fig. 5). Hence, velocities of trains 
being equal, the maximum tension at a point 
is sooner reached,when the road-bed is thin 
than when it is thick; apparently the load is 
applied more suddenly.

The results of this more sudden increase 
of the tensions have been discussed under a).

Mak-i ng the road-bed thicker therefore 
also diminishea this effect and so contri
butes in two ways to lessen the undulation 
of the railway embankment.

Another way to spread the tensions is by 
installing a slab of reinforced concrete or 
slag, which by its rigidity distributes the 
axle-loads over a larger area and so dimi
nishes the tensions in the sub-soil. This 
expedient was already successfully applied 
in some places.

c) Spreading of pressure in the sub-soil.
One may conceive of some sorts of soil in

which spreading of tension is less than in 
others. This effect of a less significant 
distribution of pressure, when compared to 
the distribution of tension as indicated in 
fig. 5» niay be represented by fig. 6.

The results of the measurements of un
dulations at Gouda in 1938 give rise to the 
conjecture that the peat in that region is 
such a kind of soil, as it appeared there 
that the undulation in the layer of peat 
scarcely decreased with the depth (vide fig.3). 
The cause of this phenomenon, however, may be 
sought in the increase of the concentration 
of tension which takes place when loads are 
brought to bear upon a soft layer resting on 
a firm layer.

FIG.5

FIG.6

It is difficult to obviate this cause of 
increased undulation of the road-bed. It ne
cessitates an extension of the afore-mentioned 
measures.

d) Distribution of the axles under the roll
ing stock.

Carriages and wagons on trucic systems 
will give rise to a more extensive undulation 
of the road-bed than vehicles with two axles 
do, as the tensions in the sub-soil caused by 
the two axles near to each other of the truck 
system are higher than those caused by a 
single axle.

*0 This does not necessarily mean that 
the undulation cannot be more than twice 
the undulation in case of low velocity. If 
the rhythm of subsequent loads at a point 
corresponds with the period of vibration of 
road-bed + sub-soil, then resonance will 
take place and very big amplitudes may be 
expected.



12

As especially unfavourable for keeping 
down the tensions the truck systems with three 
axles of the motor carriages of the diesel- 
electrical stock must be mentioned which 
cause a very concentrated load. Engines too 
exercise a concentrated load, and as such they 
are also unfavoiirable, but this occurs only 
once for every train.

Perhaps in future, when designing new 
rolling stock, the demand to keep down the 
tensions in the sub-soil may be taken into 
account. In the existing stock it is diffi
cult to change the effects of this cause of 
the undulation of the railway embankment.

6. PROSPECTS WHEN RAISING THE SPEED OP TRAINS 

IN HET.A'PTON TO THE UNDULATION OF THE 

ROADBED.

When raising the speed of trains the 
velocity with which loads are brought to bear 
increases and at the same time the frequency 
of the subsequent loads increases. Which con
sequences this has, has already been discussed. 
At last, at a certain velocity, the particular 
frequency of the road-bed will be reached, in 
which case the maximum undulation of the road
bed will occurr.

This particular frequency seems to be 
about 10 Hertz for peat, which value i3 taken 
as basis for the following calculation. As a 
matter of fact the frequency of the system 
road-bed + sub-soil should be introduced, but 
as this is unknown and would have to be de
termined by means of a vibration-test, the 
particular frequency of peat is taken into 
account, which supposition will probably be 
more or less unfavourable. By means of this 
datum it may be calculated with which speed of 
a train for a determined distance of the axles 
the maximum undulation of the road-bed will 
occur. Let us take a goods train with axles at 
distances of 6.- metres as an example, then, 
to reach the critical frequency of 10 Hertz, 
this would have to ride with a velocity of 
60 m/sec or 216 km/h.

Mostly the axles under a train are not 
distributed at equal distances. It might 
happen, though, that with the rhythm of the 
truck systems of two subsequent carriages of 
a train (distance e.g.. 7.50 m) and of the 
truck systems of the separate carriages 
(wheel base e.g. 15»- m = 2 x 7.50 m; the 
critical velocity for the occurrence of the 
maximum undulation of the foad-bed in a peat 
district would be reached at 270 km/h.

7. MAWmre m? GENERATING UNDULATION 07 THB 

ROAD-BED IN BEHAT.T? OT? WAVR-MEASnRTCIiraW'TR.

The habitual method of generating undu
lation of the road-bed by means of experiment
al trains is somewhat cumbrous «nH usually 
troublesome for traffic. If one wants to 
measure the undulation at a determined point 
of a railway for different velocities, then 
this takes much time and the experimental 
train will have to ride along that point a 
considerable number of times.

If it would be possible to construct an 
apparatus, mounted on an under-carriage, with 
which one or two loads of 15 to 20 tons might 
be brought to bear on a point of the road-bed 
which has to be examined and be removed at a 
quick rate which may be regulated in order to 
imitate the passing of a train, then with

this in a short space of time wave-measure- 
ments might be executed at any desired velo
city, whilst the particular frequency of 
road-beds might also be determined. Such a 
”wave-wagon" would therefore be useful for 
examination of the road-bed, while still more 
insight into the phenomenon of undulation of 
bhe road-bed might be obtained as well.

8. POSSIBLE CONSTRUCTION OF THE APPARATUS.

The apparatus might be constructed as a 
so-called vibration-apparatus; two semi-cir
cular eccentric weights, rotating in contrary 
directions, are made use of. The horizontal 
centrifugal forces neutralize each other, so 
that only a vertical force remains.

The existing vibration machines which 
are in the market work according to this 
principle.

The vertical force K may be calculated 
according to K = m r w2, 
in which m is the mass of the eccentric 

weights,
r is the distance from the centre 

of gravity to the axis of rotation, 
and

w the angular velocity.
To determine the desired frequency it is 

expedient to premise, that this must corres
pond with the sequence of axles as occurs in 
trains. Rather big differences occur. That is 
why an extreme case of low frequency was cal
culated to determine the maximum dimensions 
of the apparatus.

In case of a carriage with a truck-system 
distance of 15 m moving with a velocity of 27 

km/h, the second truck-system will occupy the 
place of the first one after 2 sec. Then the 
period of rotation of the eccentric weights 
must be 2 sec. Let the radius of semi-circular 
weights be 1. metre, then two iron weights 
with a thickness of almost 95 centimetres are 
needed to generate an alternative load of 0 
to 20 tons. For 40 tons (truck-system) one 
would need 4 such weights. This is too bulky 
to be fitted up on an under-carriage.

If one ’makes somewhat lower demands and 
lets the minimum velocity, with which one 
wishes to take measurements, be 54 km/h,then 
a thickness of + 25 cm would suffice. With 
these dimensions the apparatus can perhaps be 
built.

If a certain frequency has been adopted 
for the calculation of the apparatus,then for 
higher frequencies and the same generated 
force the weights must be made smaller or the 
eccentricity must be lessened.

SYNOPSIS.

With the aid of executed measurements an 
hypothesis was formulated concerning the man
ner of deformation of the sub-3oil of a road
bed during the passing of trains, by means of 
which the phenomena which occur may be ex
plained in a satisfactory manner, whilst the 
factors which influence the magnitude of the 
undulation were discussed. Measures to im
prove the evil were indicated, as well as an 
improved method for generating undulations of 
the road-bed.
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