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Tests to Determine the Behaviour of Rail-track Formations on 
Various Soil Subgrades with Particular Reference to Clays

Essais pour Déterminer le Comportement des Voies Ferrées sur divers Sols de Fondations et 
Notamment sur des Argiles

by K . H . K i n g , B.Sc ., A .M .I.C .E . (Senior Engineering A ssistan t— R esearch), an d  L. C. P ir r ,  R esearch Section, C hief 
Civil E ngineer’s D epartm en t, B ritish Railw ays, S ou thern  R égion, L ondon , England

Summary

The paper describes apparatus designed to study the effects of 
repeated applications of load to clay formations beneath railway 
tracks. A method of designing track ‘blankets’ using the depth to 
which the clay is overstressed with regard to its immediate shear 
strength has been evolved. Practical experience and laboratory tests 
in the ‘pulsator’ support this design procédure. It is shown that 
softening of over-consolidated clays can occur under the repeated 
application of load and that this factor must be taken into account 
in designing a new track formation on such soils. The amount of 
softening, or whether any occurs at ail, is probably governed by the 
ratio between the applied shear stress and the shear strength of the 
clay.

Introduction

The nature o f  the problem—The maintenance of a railway 
track is frequently complicated by the breakdown of the 
underlying soil formation. The pénétration of clay slurry and 
fine soil particles into the track ballast and subgrade material 
reduces their supporting power and impedes drainage.

Cause o f  failure—The exact cause of failure is at present 
unknown but it is certain that two of the main factors involved 
are overstressing of the soil in shear and the abrading and 
punching action of the soil surface by the track materials. A 
difficulty arises in defining which shear strength of the soil is 
the relevant criterion out o f the following possibilities :

(1) The immediate undrained shear strength, bearing in mind 
that this is subject to seasonal variations and to  long-term 
softening due to  the removal of overburden, as in a cutting;

(2) The effective shear strength as defined by

Tf =  c' +  a' tan <f>'

(3) The fatigue strength governed by the repeated appli
cation of normal stresses together with unidirectional and 
reversing shear stresses, with or without a  change in the 
moisture content o f the soil.

Ail these factors are under investigation and some preliminary 
results in connection with (3) above have been reported by 
Bis h o p  and H e n k e l  (1953).

Remedial measure—Many remedial measures have been tried, 
détails o f which are given by T o ms  (1949) and in University o f  
Illinois Bulletin No. 74 (1950), and the one now generally adopted 
on the Southern Région of British Railways is blanketing. In 
this the formation is excavated to a pre-determined depth and 
backfilled with rock dust (hereafter referred to  as Meldon dust). 
The M eldon dust, which is readily available as a waste product 
from a crushing plant producing track ballast, has to  meet two 
somewhat opposing criteria. It has to contain a sufficiency

Sommaire

Cette communication décrit un appareil nouveau, appelé pulsator, 
construit pour étudier l’effet des charges répétées sur les sous-sols 
argileux de voies ferrées. On a mis au point une méthode de calcul 
de l’épaisseur de la sous-couche de bon sol à interposer entre le 
terrain argileux et le ballast; cette méthode permet de calculer la 
profondeur, sous la voie, à laquelle les efforts de cisaillements dus 
aux trains sont inférieurs à la résistance au cisaillement de l’argile.

L’expérience pratique, ainsi que les essais de laboratoire à l’aide 
du pulsator, ont confirmé cette méthode de calcul. Ces essais ont 
montré que le ramollissement des argiles surconsolidées pouvait se 
produire sous l’action des charges répétées; aussi faut-il éventuelle
ment tenir compte de cet effet dans les projets de voies nouvelles 
construites sur de tels sols.

Le degré de ramollissement, si celui-ci se produit, est probablement 
en relation étroite avec le rapport des forces de cisaillement produites 
par les trains, et la résistance au cisaillement de l’argile.

of fine particles so that it can prevent the upward migration 
of clay and, at the same time, it must be relatively free- 
draining.

A  thin layer of rock chippings is usually placed between the 
M eldon dust and the track ballast to  prevent interpénétration.

M ethod o f  determining the depth o f  blanketing—A t present, 
blanketing is carried out for the depth in which the soil is over
stressed with regard to  its immediate undrained shear strength. 
F or this purpose the Boussinesq stress distribution with a chair 
reaction of 15 ton  is assumed (To ms , 1949). From  the few 
tests carried out so far on the Southern Région by the B.T.C. 
Research Departm ent, the R oad Research Laboratory and the 
Research Section of the Chief Civil Engineer’s D epartm ent, 
S.R., the maximum recorded vertical pressures beneath a 
‘blanketed’ track are of the same order as those calculated from 
theory but there is a real need for the measurement of sub-track 
stresses on a statistical basis. However, in spite o f the inherent 
assumptions in the Boussinesq theory and the great variation 
in live load on a railway track (see T h o m a s , 1944, for a fre- 
quency distribution of measured chair réactions) the design 
method appears to  give reliable results in practice.

Scope o f  tests described in paper—The research, sponsored 
by the Southern Région of British Railways, and described by 
Bis h o p  (1953), on the development o f negative pore-pressures 
in over-consolidated clays under the action of fluctuating shear 
stresses was complementary to the development by the Research 
Section, of apparatus for the application of fluctuating normal 
stress to undisturbed samples of clay from track roadbeds. 
The intention was to simulate the effect on roadbeds o f the 
passage of live loads on the track and to ascertain whether p ro
gressive softening of the clay could occur under such loading 
conditions. A t the same time it was intended to study the 
effectiveness of various ‘blanketing’ materials in resisting the 
upward migration of clay particles.
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Pulsating Load Tests

A description o f  appamtas—A général view of the apparatus 
is shown in Fig. 1.

A sample of the subgrade soil 1 in. thick with a  superimposed 
layer o f the blanket material, also 1 in. thick, is contained in a 
4 in. diameter cylinder. F or most tests the sample is flooded 
with water. Load is applied to the top of the combined sample 
by means of a cam-operated piston, the rate of application 
being variable in stages between 52 and 460 per minute. The 
applied load can be varied to simulate the normal stresses at

Fig. 1 General view of pulsator 
L’appareil ‘pulsator’

various depths beneath the track, the corresponding over- 
burden pressure being maintained by means of a weighted 
spring. The deflection of the load-applying proving-ring is 
measured by a dial gauge, the return movement of which is 
controlled by a dash-pot. An hydraulic slack-adjuster permits 
a constant peak load to be transm itted in every cycle in- 
dependently of the compression and seulement of the sample.

After a large num ber of tests had been carried out it was 
found (see Test No. 17) that the friction of the Meldon dust 
blanket layer inside the cylinder could possibly account for 
quite a high proportion of the applied load. In  an attem pt to 
avoid this, the Meldon dust is now contained inside a thin- 
walled ‘floating’ brass ring.

M ethod o f  conducting tests—Before setting up a sample for 
test, the required proving-ring deflection is obtained by adjust- 
ing the machine while running with a packing piece in the place 
of the pot. The sample in its container is then placed in 
position and the overburden load added. The sample is 
allowed to  come to equilibrium under the overburden load only 
(usually complété in 24 hours) before being tested.

Readings of the seulement dial gauge are taken at the start

and end of each day’s running after removal of the fluctuating 
stress but not the overburden loads.

Test results—In the illustrations the seulement at the end of 
a running period is plotted against the square root o f the total 
running time. Over a rest period some recovery usually 
occurs but this is negligible compared with the total seulement.

Table 1 summarizes the tests carried out up to the date of 
writing, détails of which are as follows :

Tests 4, 4A, 5, 6 and 7, the results of which are reproduced in 
Fig. 2, were on undisturbed samples of London clay. Test 4A 
is interesting in that it demonstrates a sudden breakdown of 
the clay after an  initial period of graduai failure under 3 x  106 
répétitions of an applied load of 2840 lb./sq. ft. However, it 
must be pointed out that this sample had been subjected 
previously to 4 x 106 répétitions of a load of 1760 lb./sq. ft. 
in Test 4. This probably accounts for the fact that the sample 
in Test 5, under nearly the same conditions of moisture content 
and applied load as in Test 4A, is still only failing gradually 
whilst the latter has broken down. The rapid failure in Tests 6 
and 7 needs no comment. The increase in moisture content 
o f the clay during the tests, with the exception of Test 4, is to 
be noted. The net result o f this sériés is that a blanket to  a 
depth of 3 ft. 6 in. below the top of the sleeper is stable and that 
shallower depths are liable to  breakdown, rapidly in the case 
of the blankets at 1 ft. 6 in. and 1 ft. 11 in.

Tests 13, 14, 15 and 16 (Fig. 3) were carried out in con
nection with another blanketing scheme. The soil was un
disturbed W adhurst clay and Meldon dust was used as the 
blanket material in the tests. The average relationship of shear 
strength to depth for this site is given in Fig. 4, from which a 
blanketing depth of 3 ft. was recommended. From  the results 
it will be seen that the only test sample which remained stable 
was that corresponding to a depth of 2 ft. 9$ in. below top of 
sleeper. The remarkable sensitivity o f this clay to  compara- 
tively small changes in the applied load is demonstrated by the 
test results. In Test 14 the sample satisfactorily withstood the 
repeated application of a peak normal load of 2420 lb./sq. ft. 
It was then subjected to a peak norm al load of 2600 lb./sq. ft. 
in Test 15 when it showed signs of failure after 3 x  105 appli
cations of load. The peak normal load on the sample was 
altered again, this time to 2510 lb./sq. ft. (Test 16) when the 
behaviour was intermediate between that of Tests 14 and 15. 
Tests 17 and 18 (Fig. 5); these tests were run under ‘d ry ’ con
ditions, i.e. the sample was not flooded. In  Test 17 the 
Meldon dust was put in at a moisture content of 8-4 per cent, 
which is close to the optimum for compaction. In  Test 18 it 
was oven-dry. In  both cases the cylinder was sealed to prevent 
évaporation during the test, the object being to reproduce 
conditions under a  perfectly drained track. In  Test 17 a damp 
rag was included above the piston. The tests are comparable 
with Test N o. 7 which was carried out with the sample flooded. 
In  fact, the curve for Test 17 follows closely that for Test 7 up 
to about 8 x 105 répétitions, when the latter failed abruptly 
while Test 17 apparently reached equilibrium. However, 
when sample 17 was dismantled it was found that the Meldon 
dust had formed a solid plug inside the cylinder, due, no doubt, 
to the maintenance of damp but not flooded conditions. The 
force required to overcome the static résistance of this plug was 
112 1b. which accounted for 31 per cent of the load being 
applied in the test. Thereafter ail subséquent tests were con- 
ducted with the Meldon dust contained in the floating brass 
ring. It is for this reason that no definite conclusion can be 
drawn from Test 17, although it is of interest to note that the 
moisture content of the clay increased by 2-2 per cent at the 
interface and by 3-5 per cent at the bottom  of the sample, 
whereas the M eldon dust dried out from 8-4 to 5-8 per cent. 
This increase in moisture content o f the clay is comparable with 
that occurring under flooded conditions in Test 7. Test 18
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o  o  g  o  
no o  m oo

O
NO
ON
(N

8 8  
T f  NO <N fN

I -

25
10

41
30

41
30

24
20

24
20

84
70

77
50

24
20

26
90

17
60

A A
v

o O NO © v O ©
ON O n 1 ,1 o n  i t i

( N CN
<N

tN «  —

'■̂  s  .s 
J 1 Eo uw  ü___ a _

o
ON<N

^  5 
«5 5

■ Ha o  
5 >
k. 65

«o Q

Q
o"O

_ -• E c E c .i= c .. o o
o 2 .2 *o S2 ■a
ë ' ° ’a '’5  &;5 a

CL C/3 C/3

3
*D
C
O■o

• =  •p

■oCl
£>

V) >i
••5^2 
c o 
D

■653 O
. S2 c •o $.
C 13

D

aj=
■ocd

*o
C
o*T3

oo

‘■Ô —  
C O
D

3
*o
C
o“O

C  r ’*t®  c  ^
o o o Q
«rt </)■*"*

c c c c o .5 ^  O.S.
2 « i* q 2 fs  c <D ^ .3  (ü w-.

3TD
CO
-a

^  g 
>» ^
-2o cd

!  E uT3 O es
C •- i -  
O

OT3
CO

fc
55

130



S
e

u
le

m
e

n
t

Number of applications of load (square root scale)

Soil—und is tu rbed  L ondon  clay 
R a te  o f  app lication  o f  load— 290 per min. 

r  4— 1760 
4A — 2840 

L oad  applied< 5—2950 lb ./sq . ft.
6 —5360
7— 4130

4
>lied<

{ 4—3' 6"
5—2 ' 5 "  

6 — V  6 " u

le S tlN O S .-^ , 4A , 5, 6, 7 7— 1 11 ”
D ate— O ctober 1952
B lanket m aterial— M eldon dust

Fig. 2 Pulsator Tests 4, 4A, 5, 6 and 7
Essais 4, 4A, 5, 6 et 7 avec le ‘pulsator’

Num ber o f applications o f load  
(square root scale)

L o ad  applied< {^H ^goo

Soil—W eald  clay from  w eak tra ck  a t  S tonegate 
R a te  o f  app lication  o f  load— 460 per m in. 

f l  3— 2960

lb ./sq . ft.

1.16—2510
n i—2’5"^

C orresponding dep th  below to p  o f  sleeper< { j__g t

1.16— 2' 8 + '
Test N os.— 13, 14, 15, 16
D ate—July  1955
B lanket m aterial— M eldon dust

Fig. 3 Tests 13, 14, 15 and 16 
Essais 13, 14, 15 et 16

Shear stress 

1000 2000

Ih /sq.ft. 

3000 4000

Note x ? Sheor strength of clay samptes from track 
formation

Fig. 4 Plot of shear strength to depth for samples of clay used in 
Tests 13, 14, 15 and 16 

Essais 13,14,15 et 16: la résistance au cisaillement de l’argile 
en fonction de la profondeur
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could not be continued for long enough to  draw any useful 
conclusions as to subséquent behaviour. However, it does 
indicate the benefits to  be expected if the Meldon dust can be 
kept dry, but in practice it is desirable to lay it at a  moisture 
content o f about 8 to 9 per cent to ensure maximum compaction, 
which reduces the ‘settling-down’ period after carrying out the 
blanketing and the minimum of voids into which clay can 
work up.

Tests 20, 23 and 24 (Fig. 6) were designed to  study the 
relationship between the shear strength of the test sample and 
its behaviour in the pulsator. The samples were undisturbed 
stiff fissured London clay and each was allowed to come to 
equilibrium under its corresponding overburden for several 
weeks prior to  being tested. The initial shear strengths of 
pulsator test samples are plotted in Fig. 7, from  which it will 
be seen that in Test 20 the shear stress* applied in the pulsator 
is almost exactly equal to the shear strength of the soil, while 
in Tests 23 and 24 it represents 89 and 53 per cent, respectively,

Number of applications of load (square rool scale)

Soil— U ndistu rbed  L ondon  clay, N .M .C . 32 per cent 
R a te  o f  app lication  o f  load— 460 an d  290 per m in.
L oad  applied— 4130 lb ./sq . ft.
C orrespond ing  dep th  below top  o f  sleeper— Y  11"
T est N os.— 17, 18
D a te —N ovem ber 1955
R u n  under dry conditions— M eldon dust

Fig. 5 Tests 17 and 18 
Essais 17 et 18

of the shear strength. Test 20 failed from the start. After an 
initial settlement Test 23 remained virtually stationary up to 105 
répétitions when water was added. After that settlement was 
rapid but not progressive, as the curve flattened out towards 
the end. Test 24 appears quite stable.

Tests 21 and 22 were rather différent from  the usual run  as 
they were designed to test a track form ation rather than a 
blanketing. The soil form ation was Thanet sand and it was 
proposed to  found the track ballast directly on this at a shallow 
depth. Test 21 was carried out in the 4 in. diameter cylinder 
as usual, and it was felt that the track ballast could not be 
represented by anything bigger than stones passing a £ in. mesh 
and retained on a f-in. mesh sieve. In  Test 22 the soil was 
contained in a 10 in. diameter pot with the 4 in. diameter piston 
placed centrally. Full-size track ballast was used in this test. 
The test results show that after a brief initial period during 
which the stones in contact with the soil surface were pushed 
in, the formation quickly reached stability.

* The assumption is made that the shear stress induced in a sample 
in the pulsator equals one-half the applied normal stress (see 
Discussion).
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Discussion

Some explanation is perhaps necessary regarding the word 
‘settlem ent’ which is used in the paper to mean réduction in 
thickness of sample. It is made up of a number of différent 
deformations, ail of which may vary from test to test, as follows :

(1) Com paction of the Meldon dust layer. This will not 
vary greatly from test to test and, furthermore, this deformation 
will be completed rapidly after the first few applications of load.

(2) Permanent set o f the clay sample. This will vary 
between samples much as do the consolidation characteristics.

Number o f applications o f load  

(Square root scale)

Track years

Soil— Stiff fissured blue L ondon  clay 
R a te  o f  app lication  o f  load—290 per m in.

f20— 2420 
L oad applied< 23— 2890 lb ./sq . ft.

[24— 1760
f20—2' 9±"

C orresponding  depth  below top  o f  sleeper< 23— 2' 5+"
124— 3' 6 "

Test N o s.— 20, 23, 24 
D a te— F ebruary  1956

Fig. 6 Tests 20, 23 and 24 
Essais 20, 23 et 24

(3) The interpénétration of the blanket material and the soil 
form ation is the factor which it is desired to study. Some 
interpénétration, however slight, is to be expected on ail soils. 
The bottom  layer of stones having been pushed so far into the 
surface the com bination of shear strength of the soil and close 
packing of the blanket may then be sufficient to prevent further 
intermingling. This would constitute a successful blanket. 
However where the above conditions do not hold, the surface 
of the soil continuously fritters away and the slurry is pumped 
up through the blanket material and the form ation fails. When 
this occurs in a pulsator test it appears to be irregular in action, 
for the plotted results take the form of a sériés o f discontinuous 
descending curves. This is probably due to arching of the 
M eldon dust layer in  the pot as the soil support is removed.

The criteria of failure of a sample in a test are taken as :

(1) The plotted results showing a sériés of descending curves.
(2) The appearance o f clay slurry which has worked up 

through the Meldon dust to the top of the piston.



(3) An initial settlement in the first few hours running which centre line through the centre of pressure is zéro. Thus the
is a high proportion of the thickness of the clay samples. shear stress is equal to one-half the applied vertical pressure at

The stress conditions in a pulsator test are such that latéral an^ depth. This différence between the applied shear stresses
yield o f the clay is prevented (as confirmed by dial gauge requires investigation but its effect is probably small compared
measurements on the outside of the cylinder under axial load w*t L̂ °ther variables in a track formation.

Shear siress Ib /sq .ft.

test given by colculaled distribution

Fig. 7 Plot of initial shear strengths of samples used in Tests 20, 
23 and 24

Essais 20, 23 et 24: la résistance au cisaillement de l’argile en 
fonction de la profondeur

cti) and thus the latéral pressure ct3 is given by the vertical 
pressure times K 0 and shear stress equals — oy)- In  the 
ground, however, latéral yield can occur and the usual assump- 
tion is made that the latéral pressure on the soil on the vertical

Conclusions

The pulsator represents a fundamental approach to the 
problem of track form ation instability. The performance of 
test samples may be related readily to the performance of actual 
formations of various depths.

Tests in the pulsator together with a few field investigations 
show that the overstressed zone method of determining the 
blanket depth gives good results w ithout being unduly con- 
servative.

Progressive softening of over-consolidated clays occurs under 
the action of repeated norm al and shear stresses. This is 
shown in Tests 4 to  7. However, in Tests 11 and 12 there was 
no increase in moisture content and it is suggested that the clay 
in these tests was initially at the moisture content which repre- 
sented its fully softened S ta te  under the particular applied 
stresses. The increases in moisture content in Tests 20, 23 
and 24 were rather smaller than might have been expected, but 
this might be due to  the rather limited test runs used.

In  designing a new track form ation on over-consolidated 
clays the réduction in shear strength due to  repeated traffic 
loads must be taken into account. However, in the investi
gation of old formations which have failed it is to be expected 
that the clay is already a t or near its fully softened State.

This paper is presented by courtesy o f  the British Transport 
Commission.
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