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Effects of passing trains on the stability of railroad embankment foundations 
Effets du passage des trains sur la stabilité des fondations de remblais

P.Zackrisson -  Swedish National Rail Administration, Banverket, Borlânge, Sweden

ABSTRACT: The effects of cyclic loads imposed by trains on railroad embankments over soft clay deposits with interbedded layers of 

silt are studied. Field measurements, laboratory tests and calculations are presented. The aim of the project is to describe how the cyclic 

loads affect stability and displacement in a more scientific way than just by using a coefficient on the static train load in a pseudo-static

RESUME: Un projet de recherche a été mené sur l'effet de charge cyclique causée par le passage des trains. Le projet s'est orienté des 

remblais fondés sur de l'argile mou avec des couches de limon. Des essais en laboratorie, sur le terrain, ainsi que des calculations théo

riques ont été effectués. Le but étant de décrire comment les charges cycliques affectent la stabilité d'une façon plus scientifique que les 

modèls traditionels basés d'une coefficent de charge statique.

1. INTRODUCTION

Many civil engineering structures have to be designed for a 

combination of static and cyclic loads. One example is railroad 

embankments. The repetitive cyclic loads may in addition to 

cyclic soil deformations cause accumulation of permanent 

(plastic) deformations.

In this project the effects on soft clay and saturated silt are 

studied. For saturated silts the build-up of pore water pressure 

may in some cases become so high that partial or complete 

liquefaction arises.

The effects of cyclic loads imposed by trains on railroad em

bankments over soft clay foundations with interbedded layers of 

silt are studied in a research project where field measurements, 

laboratory tests and calculations are performed.

The aim of the project is to avaluate the cyclic effects in em

bankment stability and displacement analyses, more than just 

by using the pseudo-dynamic model that is used today, where 

the static train load is multiplied by a factor of 1.20.

A new approach is to use a ’’simple” model, where different 

multiplication factors are applicated for different types of trains 

and for different types of soils. The multiplication factors 

should be in accordance to the effect of the cyclic load. This 

model has to be calibrated to a more theoretical model.

2. DYNAMIC AND CYCLIC LOADS ON FINE GRAINED 

SOILS

2.1 Generally

Fine grained soils such as clay or silt have higher undrained 

shear strength for dynamic loadings than for slow monotonic 

loadings. This is due to the strain-rate effect Heeg (1995a). For 

a plastic clay the effect may be as high as a factor of 1.5 - 2.0 or 

more on the undrained shear strength. The magnitude of the 

strain-rate correction depends on the relation between field ac

tual loading rate and the loading rates used in conventional la

boratory tests or in-situ tests, see figure 1 and (Heeg 1995a).

For a single load cycle it is recommended that the following 

expression is used (t,, = 1 min.) for highly plastic clay (Larsson

* = * i .2 ( i ) - ° 05 

fo

Figure 1. Shear strength (vane test) as a function of angle 

of different rotation rates for highly plastic clay 

from Backebol, Sweden (Torstensson 1977).

Time to failure: 1.2 sek. - 10.000 min.

x = shear strength

T,,, = undrained shear strength, corrected for organic con

tent

t = time (minutes) 

t0 = 1 minute

On the other hand, cyclic loadings cause a degradation of the 

strength of the soil material due to induced pore water pressure 

leading to a corresponding reduction of the effective stress. The 

result from different investigations show that this effect starts 

when the effect of shear strains exceeds a certain critical level, 

in this case approximately 10'5.

The degradation depends on the initial state of each soil ele

ment (effective stress and relative density), amplitude of cyclic 

shear stress and the number of load cycles.

The most critical situation may arise shortly after the passage 

of a train. During the passage the pore water pressure is built up 

and after train passage not fully dissipated.

2.2 Situations o f special concern

The effect of cyclic loading on a railroad embankment can in 

some situations be considerable. Some cases to be mentioned 

are:
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•  high ground water table and artesian pore water pressure.

• low coefficient of earth pressure, K,,, as in normally con

solidated clays or soils with low relative density.

• sensitive clays with a brittle deformation behaviour with a 

risk of progressive failure.

•  occurence of saturated silt with low relative density within 

the depth of 1.5 x the width of the embankment, see 

Chapter 5.

•  thin layers of silt or sand in a soft saturated clay. Cyclic 

loadings may cause high pore water pressure in these lay

ers being imposible to drain due to the sorrounding clay, 

see Chapter 5.

•  the geodynamic conditions (share-wave velocity, darn

ing) and the dynamic characteristics of the train (velocity, 

predominating frequency, duration) causes an amplifica

tion of the loads (Massarsch 1984).

Higher speed of the trains may cause very complex loading 

phenomena e.g. when a train reaches the velocity of the Ray- 

leigh-wave (R-wave). On soft clay this could appear at train 

velocities of approximately 150 km/h. For very small strains 

as appear under a railroad embankmen, the damping is small, 

approximately 3-5% (Massarsch).

Further field measurements must be done in order to gain a 

better understanding of the amplification of vibrations close to 

a railroad embankment.

3. EXPERIENCE FROM FIELD MEASUREMENTS

Within the project a number of field measurements have been 

performed in a cross-section of the railroad embankment at 

Alvhem, north of Goteborg, Sweden.

The soil consists of pre-glacial and post-glacial clay to a 

depth of more than 40 metres. Silt layers are interbedded in 

the clay. The clay is mainly overconsolidated.

The measurements included registration of the variations of 

pore pressure, vertical and horizontal stresses in the soil, de

formations of different sublayers and vibration measurements. 

The parameters mentioned above were registered under the 

centre of the track, 4.4 and 8.0 metres beside the track centre 

and down to a depth of maximum 8 metres under the track. 

Vibrations were registered up to a distance of 40 metres from 

the track centre. 54 different gauges were used in the tests. In 

the tests the effect of different train combinations (velocity, 

type and weight) were also studied. A comparison with a static 

load (halted single engine) has been performed.

The experience from the measurements is that the difference 

in pore pressure are very moderate. The pore pressure increa

sed a maximum less than 2 kPa in a sandy silt layer located 8 

meters under the track, see figure 2. The low levels of pore 

water build-up (less than 0,1 kPa) in the upper clay layers may 

be due to pseudo-overconsolidation of the soil.

The deformations below the track centre shows a train 

velocity -, depth - and train weight dependence, see 

figures 3 - 6.
Results from the earth pressure mesurements show for the verti

cal stresses a value in accordance with calculations applying the 

Boussinesq equations (static load). A velocity dependence was 

not possible to find.
The magnitudes of the calculated shear strains were generally 

high close to the embankment. A shear strain of 35- 10s was 

calculated from measurements 5 metres beside the track centre. 

Low values of the damping were observed. From the vibration 

measurements the shear strain was calculated from the integra

ted acceleration signal. A comparison, see figure 7, show that 

the shear strains could be calculated as

y=(1.42 x RMS
man. 1 sec-' tra in

(3.1)

y = shear strain

RMS _  , v.i= maximum RMS value for 1 sec.

v™» = velocity of the train

Pore pressure 8 m below track

2.00
Engine + 7 wagons 

1.50- 11 Pore pressure

Axes

Time (sec.)

Figure 2. Pore water build-up in a silt-layer 8 m under 

the track. Inter-City train with 7 wagons.
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D e fo rm a tio n s  a t d if fe re n t d e p th s  a nd  v e lo c ity s

D e p th  b e lo w  tra c k  (m )

Figure 6. Deformations during different single engine 

passages.

a) Integrated acceleration signal.

b) Double integrated acceleration signal (deflection).

Figure 7. Different ways to calculate the shear strain

a )  Y  =  V / v ,„ in -  b > V  =  6 / s , ™  

v Pan = particular velocity 

vtrain= velocity of train 

sirain = distance (train - observation point)
8 = deformation

4. LOAD CASES

Analysing the embankment stability the geotechnical and geody

namic conditions must be regarded in a theoretical way. Two 

different cases can be identified:

• cases where the pseudo-static method can be used, e.g. for 

soils that are not influenced of cyclic loadings and pore 

water pressure build-up.

• cases where the influence of cyclic loading and the degrada 

tion due to pore water build-up is considerable.

Number of cycles

Figure 8. Shear stresses on a soil element under a railroad 

embankment.

N U M B ER  O F CYCLES

Figure 9. Cyclic shear sresses used in the cyclic triaxial 

tests, (Ffoeg 1995b).

Shear stresses prevailing in the soil under a railroad embank

ment can be devided in three stages:

T0 = shear stress in-situ prior to embankment construction 

t b = additional shear stress caused by the embankment 

(undrained/drained)

TcycI = additional shear stress from the train loading

The load on a typical soil element under the embankment is as

sumed to be as shown in figure 8. The imposed load from a 

passing train is repressented by a ’’one-way” cyclic loading 

component. The figure shows the type of loading used in the 

laboratory experiments described in Chapter 5 below.

5. LABORATORY TESTS ON SATURATED SILT

The influence of the following parameters on shear strain and 

pore water pressure build-up were studied in a series of consolida

ted undrained laboratory tests on silt:

•  relative density of the silt

•  amplitude of the cyclic shear stress

•  frequency of the cyclic shear stress

•  pore pressure drainage between different train passages

The reason why silt was used in the test instead of clay is that the 

behaviour under cyclic loadings is not so well known for silt as 

for clay.
A summary of initial parameters and results from all the tests 

performed is presented in table 1. The silt samples were taken 

from Borlange, Sweden.
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Table 1. Parameters and results for laboratory tests on silt, (Haeg 1995b).

( 1) (2) (3) (4) (5) (6) (7) (8) (9) (10 ) ( 11) (12 ) (13) (14) (15) (16) (17) (18) (19) (20) (2 1)

Test

No.

Test

type

S am ple

p rep

In s itu  

dep th  

(m)
0*re

(kPa)

7

d ry

in itia l

(kN /m 3)

C onso l

vo lum e

stra in

(%)

Y

dry

conso l

(kN /m 3)

R e la 

tive

d ens ity

in itia l

(% )

R e la 

tive

d en s ity

co nso l

(% )

V oid

ra tio

in itia l

V o id

ra tio

co nso l

C yc lic

shea r

stress,

V

(kP a)

No.

of

cyc les

(N)

C yclic

freq.

(Hz)

C yc lic

stra in ,

last

cyc le

(% )

A ve r

age

stra in

a fte r

cyc ling

(% )

C yc lic

pore

Pr -.

last

cyc le

(kPa)

A ver

age

pore

p r -

a fter

cyc ling

(kPa)

Svj

(kPa)

S tra in

at

Su

(%)

D l ST MT - 50/- 14.22 3 .86 14.79 62.2 68.8 0 .8 4 8 0 .777 - * - - 6 .3 0.4

T1 SC M T - 50 /26 14.18 6 .56 15.18 61 .8 72 .9 0 .8 5 4 0 .732 - - * - 15.5 0.1

T2 SE MT - 50 /26 14.18 5.65 15.03 61.8 71 .4 0 .854 0 .749 - - • -5 .0 1.0

T3 SC M T - 50 /26 14.88 1.87 15.16 69 .8 72 .8 0 .7 6 6 0 .7 3 3 - - - • - 15.5 0.1

T4 SC MT * 50/26 15.84 *0.14 15.82 79 .6 79 .4 0 .6 5 9 0 .662 - 70 0.7

T 6 SC U 3.66 50/33 14.32 1.25 14.50 63.4 65.5 0 .835 0 .812 - - - • - 83 -20

T7 SC MT - 50 /33 14.87 2.33 15.22 69.7 73.4 0 .768 0 .7 2 6 - • • 16.5 0.1

T 8 SC U 2.96 50/26 14.43 0 .60 14.52 64.7 65.7 0.821 0 .8 1 0 - • - - 175 -20

T9 SC S - 50 /33 14.83 2 .48 14.21 69.2 73.2 0 .772 0 .7 2 8 - - - - - 11.5 0.2

T10 CY U 7.16 50/33 15.31 1.08 15.48 74.3 76 .0 0 .717 0698 7 .0 5000 0.1 0.022 2 .87 0 .48 19.6 187 20

T11 CY U 7.33 50/33 15.28 0 .75 15.40 74 .0 75.2 0 .7 2 0 0 .7 0 7 7 .0 5000 5.0 0.020 1.22 1.12 17.5 - -

T12 CY U 6.99 5 {y33 15.56 1.08 15.73 76 .8 78.5 0 .6 8 9 0.671 7 .0 5000 1.4 0 .023 1.28 1.06 17.9 247 18.5

T13 CY U 7.69 50/33 15.54 0 .78 15.56 76.6 77 .8 0.691 0 .6 7 8 10.5 5000 1.4 0 .028 3 .58 1.55 18.1 287 20

T14 CY U 7.86 50/33 15.20 0 .89 15.34 73.2 74.6 0 .7 2 9 0 .7 1 4 3.5 5000 1.4 0 .007 0 .14 0 .58 8.8 263 17

T15 CY U 8.03 50/33 15.32 0 .58 15.41 74.4 75 .3 0 .716 0 .7 0 6 7 .0 2500 1.4 0 .017 0 .96 1.07 16.7

7 .0 2500 1.4 0 .018 1.00 1.68 10.5

7.0 5000 1.4 0.018 1.04 1.27 9.5 375 19

T = T riaxial test 

D = Direct simple shear test

SC = Static undrained shear in compression with preshearing 

SE = Static undrained shear in extension with preshearing 

ST = Static undrained shear with preshearing

CY = One-way cyclic undrained shear in compression with preshearing

MT = Reconstituted specimen by moist tamping

S = Reconstituted specimen by consolidating a slurry 

U = «Undisturbed» specimen

Void ratio is based on G , = 2.68 for the silt (according to SGI)

CYCLIC = Vfe (peak to peak value) , see Figure 9 

Cyclic strain = Shear strain for DSS, axial strain tor triaxial

5.1 Results from  monotonic reconstituted tests

Static monotonic tests were first performed on reconstituted silt 

specimens. The intention was to perform tests on specimens with 

a relative density (Dr) of about 60%. However the specimens 

experienced such large volume changes during saturation and 

consolidation that the initial Dr of about 62% changed to about 

70% prior to undrained shear. In fact, this final Dt was about the 

same as for the tests with an initial Dr of about 70%. The speci

men handling and test procedures were done as carefully as pos

sible, so it had to be concluded that testing this silt at reconstituted 

relative densities less than 70% did not seem possible (at least 

with the techniques used). The specimen reconstituted to an initial 

Dr of about 80% experienced virtually no volume change during 

saturation and consolidation (actually slightly negative). All of the 

reconstituted silt specimens with Dr=70% showed very contrac- 

tant and brittle behaviour with low peak shear strength.

Test where Dr=80% showed strongly dilatant behaviour and 

much higher strength, (Haeg 1995b). See table 1.

5.2 Results from  tests on "undisturbed" specimens

Because of the problems of not being able to perform tests on 

reconstituted specimens with Dr=60% and the low shear strengths

observed at Dr=70%, it was decided to perform two static mono

tonic tests on "undisturbed” specimens for comparison. The D, for 

these ’’undisturbed” specimens was about 65%. These specimens 

exhibited significant dilatant behaviour, although they had relative 

densities considerably lower than the reconstituted specimens. 

This is an important finding, and it was therefore decided that all 

remaining tests should be performed on "undisturbed” (intact) 

specimens to simulate in situ conditions in a best way. The varia

tion in the static and cyclic shear stresses used in the different 

tests are based on experience from field measurements, see figure 

9.

5.3 Effect o f cyclic stress magnitude

The effect of cyclic stress magnitudes on permanent and cyclic 

strains are shown in figures 10 and 11. For the best estimate of 

cyclic stresses imposed by train passage (i.e. a= l), figure 11 

shows that the permanent and cyclic strains and pore pressures are 

very small. With a=2 the permanent strains are larger by a factor 

of approximately 10. They further increase significantly as a goes 

from 2 to 3, while the corresponding cyclic strains increase very 

little. For a=1.2 the average strains may be interpolated to be 

approximately twice that for a= l, but is still very small, (H0eg 
1995b).
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Figure 10. Results from triaxial tests with cyclic loading, 

(Heeg 1995b).

Figure 11. Effect of cyclic stress amplitude on axial strains, 

(Hoeg 1995b).

Icy (ItPO)

Figure 12. Effects of cyclic frequency on strains and pore 

pressures, (Heeg 1995b).

Figure 13. Effects of pore pressure dissipation between 

train passages on subsequent pore pressure 

build-up, (Haeg 1995b).

to 1.4 Hz, but very little, if any, between 1.4 and 5 Hz. The higher 

permanent strain observed in the test with 0.1 Hz compared to the 

one with 5 Hz may at least partly be explained by undrained creep 

deformations at the peaks of the load cycle. The duration of the 

test with low frequency was 833 min. compared to 17 min. for the 

test with high frequency, (Heeg 1995b).

5.5 Effect o f drainage between train passages

Figure 13 clearly shows the benefical effect of previous cycling 

( a=2.0) and drainage on the development of average excess 

pore pressure during subsequent cycling. However, this effect is 

not so clearly evidenced in the magnitude of the cyclic axial 

strains, see table 1, (Heeg 1995b).

6 GUIDELINES FOR DESIGN

6.1 Anlyses o f today

Analyses of embankment stability today, can be divided into 

static analyses and static analyses with a dynamic coefficient on 

the equivalent static vertical train load. The new approach is to 

consider the effect of cyclic loading in a better way.

6.2 ”Simple ’’ model

The influence of cyclic loads may be handled in different ways. 

In the most simple model the influence is regarded through:

• a multiplication coefficient on the static load

• a multiplication coefficient on the mass forces in the em

bankment and the sub layers

•  a multiplication coefficient on the strength

Today a coefficient of 1.2 is used for the static load and a coef

ficient of 1.0 is used for the strength by the Swedish National 

Rail Admninstration. A suggestion is that the coefficient for 

loading is changed to become a function of type of the train, the 

velocity of the train and the type of subsoils, see table 2.

The strength coefficient should be given as a function of type of 

the train, the duration, the velocity of the train and subsoils, see 

table 3.

Table 2. Loading coefficient.

5.4 Effect o f cyclic frequency

Vibrations from trains contain many different frequencies, but for 

stability analyses, those in the lower frequency range are of most 

interest (e.g., up to 10 Hz). Figure 12 indicates that there seems to 

be some effect of frequency on cyclic behaviour in the range 0.1

Loading coefficient

Soil for a cargo train

(velocity 90 km/h)

Soft silt 1.3

Soft clay 1.2

Medium dense soil 1.1

Firm soil 1.0
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Table 3. Strength coefficient. 7. CONCLUSIONS

Soil Strength coefficient 

for a cargo train 

(velocity 90 km/h)

Soft silt 1.2

Soft clay 1.1

Medium dense soil 1.05

Firm soil 1.0

b

o
H

0.30

0.25

0.20

0 .15

0.10

0.05

0 .0 0

V  ü 'v c
S DSS

su

a'.

w  VC

= DSS undrained static shear strength 

= vertical effective stress at the end of 

consolidation

For the situation studied, i.e. the specified embankment geo

metry, the imposed static and cyclic stresses (a= l), and the 

density of the undisturbed silt samples, the factor of safely 

against instability or excessive shear deformations seems to be 

satisfactory, based on the results from the triaxial compression 

tests. This conclusion is consistent with previous experience 

considering the low magnitude of the imposed cyclic stresses 

compared with the difference between the strength of the silt 

during undrained monotonic loading and the in situ shear stres

ses under the embankment. Small permanenet and cyclic strains 

and pore pressure were measured even for a load factor of 1.2. 

When a was increased from 1.0 to 2.0, the imposed permanent 

shear deformation increased by an order of magnitude, (Haeg 

1995b).

The laboratory tests show the effect of drainage between train 

passages is beneficial.

A realistic descripton of the train load (static and cyclic part) is 

very important when discussing the effects, see figures 9 and 10.

Beneflcal influence of strain rate is reduced due to degradation 

when the number of load cycles is high, which is described in 

(Heeg 1995a).

Calculations according to a simplified model is probably 

sufficient after calibration with a more ’’complete” model.
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