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Railway Embankments without Settlement
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R em b la is de chem in  de fer sans tassem en t

G. M. SHAKHUNYANTS, Moscow Institute of Railway Engineers, Moscow, U.S.S.R.

SUMMARY

The complex characteristics of elastic compression (Fig. 1) 
consist of an initial compaction curve and a number of elastic 
compression curves corresponding to various points, 1, 2, and
3, on the initial compaction curve. The initial compaction curve 
establishes the relationship between the pressures at) developing 
in the soil and the porosity factors e0 at which only reversible 
deformations appear in the soil. A reversible (elastic) com
pression curve means a curve in which the loading and the 
unloading portions practically coincide.

The testing of soils for plotting these complex characteristics 
should reflect, as closely as possible, the conditions and the 
nature of operation of the object under consideration, including 
the number of times the rolling stock acts on the soil and the 
dynamics of this action.

For an approximate solution ordinary compression curves 
may be used with the introduction into the calculations of a 
factor K taking into account the periodicity, duration, and 
method of application of the load (Eq 1). Eq 3 can be used 
for calculating the vertical stresses in embankments caused by 
a mobile load (Fig. 4). Eq 5 is employed to determine the 
construction rise aQ of the road bed.

s o m m a i r e

La caractéristique complexe de la compression élastique (fig. 
1) se compose de la courbe des tassements initiaux et d’une 
série de courbes de la compression élastique correspondant à 
différents points, 1, 2, et 3, sur la courbe de compression initiale. 
La courbe de compression initiale établit la relation entre la 
pression a0 qui naît dans le sol et les coefficients de porosité e0 
pour lesquels naissent seulement des déformations réversibles. 
Une courbe de compression réversible (élastique) est une 
courbe où les parties de charge et de décharge coincident pra
tiquement.

Les essais sur des sols pour l’élaboration de cette caractéristique 
complexe doivent refléter fidèlement les conditions et la 
nature du travail auquel sera soumis le sol, y compris la 
répétition et l’effet dynamique produits sur le sol par le matériel 
roulant.

Pour obtenir une solution approchée on peut utiliser les 
courbes de compression usuelles en introduisant dans le calcul 
un coefficient K pour tenir compte de la répétition, de la durée 
et du mode d’application de la charge (formule 1). La formule 
3 peut servir au calcul des contraintes verticales dans les rem
blais sous l’influence d’une charge mobile (fig 4). Avec la 
formule 5, on détermine la couche ac à ajouter au remblai lors 
de la construction.

t h e  c o m pa c t n e s s  o f  s o i l  on a railway embankment should 

measure up to standard specifications. If the region of the 

embankment is particularly high, arid, or moist, it should be 

filled in with inferior soil and individually designed by the 

contractor. A method for determining the required com-

e
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fig. 1. Complex characteristics of elastic 
compression: 1, initial compaction curve; 
a, b, c, reversible (elastic) compression 

curves for points 1, 2, and 3.

pactness of soil to insure against residual deformation has 

been described previously (Shakhunyants, 1961).

Fig. 1 shows the complex characteristics of reversible 

(elastic) compression, consisting of an initial compaction 

curve and a number of elastic compression curves corre

sponding to various points, 1, 2, and 3, on the initial com

paction curve.

The initial compaction curve establishes the relationship 

between the pressures <r0 developing in the soil and the 

porosity factors ea at which only reversible deformations 

appear in the soil. Reversible (elastic) compression curves 

are curves in which the loading and the unloading portions 

practically coincide. The elastic compression curves a, b, and 

c are plotted for each point i in the interval from eoi to the 

points characterized by the load <roi. Since the value croi is 

exceeded, the compression curves will already have load

ing and unloading portions that do not coincide.

The initial compaction curves make it possible, when 

the vertical stresses o-0 at any point of the soil body is known, 

to find the compactness characterized by the porosity factor 

e0 at which the soil at the given point will be subjected to 

reversible (elastic) deformation only. The elastic com

pression curves make it possible to determine the magnitude 

of the expected reversible deformation at each given point.

The soil tests carried out to determine the initial com

paction and the elastic compression curves should in every 

possible way reflect the conditions and the nature of opera

tion of the future object and, in particular, the special
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features of soil behaviour at the various points of the soil 

body. When the soil is acted upon by stresses caused both 

by a constant and by a temporary periodically applied load, 

the complex characteristics of elastic compression should 

be plotted with account taken of the periodicity of applica

tion and removal of this load. If this load is of a dynamical 

nature the dynamics should also be taken into consideration. 

All tests should be carried out for different periods of 

operation of the soil body, including the most unfavourable 

but possible ones.

Up to the present time there has been no success in finding 

the methods that would make it possible to obtain the 

complex characteristics indicated above rapidly and with 

comparative ease. Ordinary compression curves can be used 

for an approximate solution. In this instance, however, it is 

necessary to take into account the influence of the periodic 

application of the temporary load, which is a part of the 

total load.

e

Let us presume that the total load results in a stress at the 

given point of <rn =  ay +  crp (Fig. 2 ) . Here <ry designates 

the stress caused by the weight of the soil, which for prac

tical purposes can be taken equal to the weight of the 

column of soil above this point, and crp is the stress caused 

by the temporary load. An ordinary compression curve 

brought up to a load of cr0 is shown in Fig. 2 by solid lines.

The initial soil porosity factor en corresponds to the 

compactness of the soil in the layer before the compacting 

is commenced. Under the influence of the weight of the top 

embankment layers that create a constant pressure cry on the 

given point, the soil is compacted, with the porosity en 
changing to eyU.

Each application and removal of the load will give old 

and new loading and unloading branches ranging from ay 
to cr0. After a certain number (theoretically an infinitely 

large one) of applications and removals of the loads the 

loading and unloading branches on the section from cry to 

<r0 will merge, and the soil will pass into an elastic stage of

working. The porosity factor e0 corresponding to this state 

(in Fig. 2, this is ey.i) can be expressed in a general form 

as follows:

eo =  eyn — (eyti — £yi) — (A i £72) 

£-y2 7̂3) ^̂ 4).

Due to the small influence on the final results, let us 

presume approximately that at any values of i

M (̂ Ti 7̂(l + l ) ) /  1) 7̂ !') ^  const.

Hence

e 0 =  SyH  —  (e TH —  ey l )  (1 +  M +  M +  M + . . . ) •

Let us introduce the conception of the load repetition 

factor K

K  = 1 +  fi +  /¿2 +  /i3 +  . . . =  1 /(1  — n).

On an ordinary compression curve, eyl corresponds to 

the value of e on the unloading branch when o- =  <ry. Let 

us designate this value by ey K. From this it follows that,

eo =  syH — K(ey D — 7̂k) • (1)

This equation corresponds to an instance when the tempo

rary load acts each time during the period necessary for 

complete consolidation of the soil under this load. Such 

an instance will be encountered very seldom in practice.

Eq 1 will become considerably more exact if K  is a 

factor taking into account the influence of the periodicity, 

duration, and method of application of the load, and not 

only of the load repetition. In this conception the value of 

K  still remains uncertain.

If the compression curve is plotted not up to cr0, but to 

some other value of o-n >  cr0 (Fig. 3 ), then, in order to use 

this curve, it should be plotted anew by using various 

methods for obtaining a curve with a load up to o-0. If, for 

example, the unloading branch is raised parallel to itself 

in such a way that at the point corresponding to o- =  <r0 this 

branch joins the loading branch, then e0 can be found from 

the formula

e0 = eyH -  K(Aey — Ae0), (2)

£

fig. 3. Forecasting unloading branch of com
pression curve. The solid line shows an experi
mental compression curve plotted up to a =  an. 
The dotted line shows the expected unloading 

branch, starting from a =  <r0.
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where Ae0 is the difference in ordinates of loading and un

loading branches for cr =  o-0, and Aey the difference for

CT =  (T-y.

After determining the required porosity factors e0 at 

various points in the body of soil it will not be difficult to 

determine the volumetric weight of the soil which must 

be attained by compacting.

If ys is the volumetric weight of the soil particles, then 

the required volumetric weight y(1 of the dry soil will be

7d =  Ys/ (1 +  Co).

The volumetric weight of the soil, with an account taken of 

its moisture content, will be

To =  7 d ( l  +  V > )

where w =  moisture content as a fraction of the dry soil 

weight.

To determine the mechanical work of the tamping equip

ment necessary to attain the required rated volumetric 

weight of the soil y0, trial tamping is to be carried out at 

the construction site. For example, when tamping with a 

roller, the roller is passed several times over a layer of 

the given depth preliminarily brought into the state which 

it must have under actual conditions before tamping, and 

after each run the volumetric weight y0 of the soil in this 

layer is determined (the sample is to be taken from the 

lower part of the layer). On the basis of the relationship 

between the volumetric weight of the soil and the mechanical 

work of the tamping equipment obtained in this way, the 

work of this equipment necessary for bringing the volumetric 

weight of the soil at different spots of the formation up to 

its rated value is determined.

The compactness of the soil over the width of the embank

ment in each separate layer is usually taken to be the same, 

and equal to the maximum compactness required for the 

given layer in accordance with the following considerations. 

The maximum vertical stresses are usually located within 

the area where the load acts on the road bed. These stresses 

reduce toward the slopes, but simultaneously the tangential 

stresses increase.

For this reason, and bearing in mind the condition of 

designing a strong embankment that is stable against dis

placement, as well as the fact that more compact soil has 

a greater resistance to displacement, the required compact

ness of the soil in the given layer is taken to be uniform over 

the entire width and equal to the rated compactness for 

this layer. In this instance the displacement characteristics 

are taken with reference to the compactness of the soil 

actually attained.

This is the method of calculating the body of an embank

ment for compactness. In an embankment erected in this 

manner, only elastic deformations will appear under load. In 

order to ensure that the attained compactness of the soil 

remains unchanged with time special measures must some

times be taken. Thus, for example, if in the body of an 

embankment there are zones in which the compactness of the 

soil, calculated in accordance with the method set forth 

above, can change under the influence of climatic factors, it 

is necessary to provide for the corresponding soil improve

ment in these zones, by using more compact soil (to ensure 

that the soil in these zones would have a low, harmless 

sensitivity), by resorting to hydro- and thermal insulation, 

by special selection of the soil, or by testing it with various 

binding, gluing, or hydrophobic substances.

In some instances, it will not be sufficient to protect the

formation only against residual deformation. It may be 

necessary (for example, when low embankments are being 

erected on a peat bed with a considerable thickness) also to 

limit the magnitude of the elastic deformations, in order to 

protect the rolling stock against excessive vibrations when 

trains run over the track. This limit has another aim in view, 

namely that it prevents the development of undue stresses on 

the elements of the permanent way, and, most importantly, 

on the rails. In all instances, for the calculation of the 

required compactness of the soil in a formation the distribu

tion of the normal vertical stresses should be determined.

fig. 4. Diagram for determining normal vertical 
stresses in body of embankment caused by temporary 
load P. 1-0-2, infinite wedge; 3, crest of embank

ment; 4, base of embankment.

For example, an actual single-track embankment on which 

a load acts and which is erected on the surface of ground 

extending infinitely in both directions can be replaced, for 

the purpose of calculating the stresses caused by the train 

loads, with an elastic infinite wedge having a longitudinal 

concentrated load P on its edge (Fig. 4 ) . In this instance

<t „ = 2P / (2a +  sin 2a ) - z 3/ ( z 2 +  y 2) ' . (3)

The possibility of basing the calculations for solving this 

problem on the theory of elasticity is determined by these 

calculations being carried out for the body of a formation 

wherein only elastic deformations are tolerated.

The stresses caused by the weight of the soil at any point 

of the embankment are estimated approximately as the 

weight of the column of soil above this point. Residual 

deformations may appear in an embankment caused not only 

by compaction of its body, but also because of settlement of 

its base. As a result of calculations, the magnitude and the 

configuration of the expected settlement of the embankment 

base are determined.

The calculated value of settlement 5 of the surface of the 

base at any point thereon, however, does not correspond to 

the settlement of the corresponding point on the surface of 

the embankment for two reasons.

Firstly, the base of an embankment settles not only upon 

completion of the embankment, but also during its con

struction. In a number of instances, depending upon the 

properties of the soil in the base and the rate of filling in 

the embankment, a considerable part of the total settlement 

of the embankment base surface may take place during the 

filling. Thus the configuration of the embankment and the 

working elevations of the road bed may be found to corre

spond to the project already upon partial settlement of the 

base surface.

If settlement of the base continues upon completion of
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the embankment, this settlement will produce not only a 

corresponding settling of the embankment as an elastically 

deforming body, but also volumetric residual deformations 

inside the body of the embankment. Usually, if the embank

ment is properly designed and constructed on a suitably 

prepared bed, these deformations do not produce any 

harmful distortions in the body of the embankment, but 

reduce the deformations of the road bed, which will be 

numerically less than the corresponding magnitude of the 

base settlement, their value decreasing with an increase in 

the height of the embankment.

The settlement S0 of the embankment road bed due to 

settlement through S of the base surface (when considering 

a single vertical section) may be determined approximately 

as follows

S o =  vS -  fH  (4)

where v is part of the complete settlement of the base that 

has not yet been realized at the moment of completion of the 

embankment; H, the height of embankment; and /, a factor 

taking into account the absorption of the base settlement in 

the body of the embankment.

At present because of the lack of investigations of this 

problem the value of /  is not known exactly. As a first 

approximation for cohesive soil it may be apparently con

sidered that /  will be at least 0 .0 0 1 .

After the expected magnitude of the settlement of the road 

bed has been ascertained, measures are to be worked out 

for excluding the harmful influence of this settlement or for 

reducing its magnitude.

When constructing an embankment, an extra height of S0 
should be provided for, if necessary, to make up for the 

settlement. The shape of the formation after complete

fig. 5. Calculations of extra height of embankment. ABCDEF, 
outline of embankment before settlement; shaded outline 
A1B1C1D1E1Fj, after settlement; ac, extra construction height; 
fl0, required raising after settlement of embankment; S01 and 
S00, settlements of road bed along edges and along centre line of

track.

settlement of the embankment should remain convex. The 

formation should never have a concave shape after settle

ment.

It should be seen that (Fig. 5)

Soo — -Soi +  ffo ‘C  flc- ( 5 )

If upon employing an extra height for settlement amount

ing to S0 too great distortion of the track profile occurs 

during the first period before the settlement S0 has taken 

place, then the extra height should be reduced to to 

prevent such a distortion, and the road bed should be 

widened until it will be possible to compensate for its settle

ment over a value of S0 — S1 by raising the track onto ballast.
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