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1 INTRODUCTION  

The design of trackbed support layer thickness has 
historically been based on empirical solutions 
formed from observation and experience. These so-
lutions have been developed within the constraints 
of the geology and traffic loading experienced in 
their geographical catchments. While these solutions 
will remain valid when used within the range of their 
original development, once the traffic or subgrade 
conditions are altered the confidence with which 
they can be applied will inevitably be affected.  

Most of the standards for trackbed design have 
also been developed to stand alongside correspond-
ing standards on ballast type, rail/sleeper configura-
tions, maintenance methods and vehicle suspension 
systems. The combination of these standards serves 
to optimize the network usage and to protect the 
track and rolling stock from excessive damage. Im-
plicit within these standards are acceptable levels of 
deterioration within which operations can continue 
normally.  

Provision of rail infrastructure in areas not cov-
ered by pre-existing design codes can present sig-
nificant problems to the designer. It is often the case 
that the individual components have been sourced 

from differing regions and will not easily be incor-
porated into another design code. 

This was the case in a project to improve the rail 
access to a new mining development in the Carib-
bean which is expected to carry freight traffic of 11 
million tonnes per annum at a line speed of 
25mph.This project involved designing trackbed 
layers for major upgrades to existing rail lines and 
the installation of new railway infrastructure. Exten-
sive and detailed site and ground investigations 
where carried out as a preliminary phase of design 
(Brough et al. 2006) to determine the extent of sub-
grade variation. Additional laboratory tests were car-
ried out to determine the mechanical behaviour of 
locally derived stone proposed as ballast for the con-
struction as this differed considerably from the mate-
rials specified in the main design standards. The dif-
ferences in subgrade and loading conditions 
envisioned in this design were significantly different 
from those encountered when using most standard 
design methods. For this reason it was decided to 
use a number of design methodologies to determine 
the depth of construction required to protect the sub-
grade and then to assess which method was most ap-
propriate for each section of line. The methods used 
in the analysis are the most commonly applied na-
tional standards and a linear elastic model used by 
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Scott Wilson for designing highway pavements, 
suitably modified to allow for rail wheel loading.  

2 DESIGN METHODS 

No suitable standard design code exists for the cal-
culation of construction thickness for the axle loads 
proposed for this project in the Caribbean.  The 
methods used in this project are the British Rail de-
sign chart standards (Heath and Shenton, 1972), UIC 
719-R (UIC, 1994) the AREA Engineering Manual 
approach (Selig and Waters 1994) and a linear elas-
tic model developed by Scott Wilson for use in 
pavement design.  

The relevant parameters for design assume a 
static axle load of 31,000kg, an estimated annual 
traffic load of 11 million gross metric tones per year 
a line speed of 25 mph, an axle spacing of 2.8m and 
a driving wheel diameter of 33 inches. From these a 
dynamic load factor based on Clarkes equation 
(Clarke 1957) of 1.25 has been calculated, from 
which a maximum applied stress of 243kN/m2 was 
derived for the direct force applied by an individual 
sleeper to the underlying ballast. This stress assumed 
that the load applied by an axle over a sleeper is dis-
tributed 50% over the sleeper directly underneath the 
axle load and 25% over the two adjacent sleepers, 
which is a commonly used approximation that will 
vary depending on rail and trackbed relative stiff-
ness. 

One of the main aims of trackbed design is to 
provide a sufficient thickness of foundation material 
to reduce the stress applied to the top of the sub-
grade by loading to a level where there is negligible 
permanent deformation under each wheel load ap-
plication; referred to as the threshold stress or 
threshold shear strength. The threshold shear 
strength in this design is assumed to be 50% of the 
shear strength determined from in-situ hand vane 
measurements obtained from trial pits. There was an 
additional requirement to consider the changes in 
shear strength within highly plastic clays due to sea-
sonal moisture changes, as the site investigations 
were undertaken during relatively dry conditions. 
Where the plasticity index was greater than 65% the 
threshold values where reduce by a further 25% to 
allow for potential softening of materials based on 
the judgement of the senior design engineer. 

2.1 British Rail Design Approach 
This approach suggests that in order to reduce the 
stress level applied to below the threshold stress, 
granular thickness can be calculated from the fol-
lowing design chart which was based on laboratory 
studies undertaken on London Clay samples (Heath 
and Shenton, 1972 ) 
 

Figure 1. Britsh Rail trackbed thickness design chart (after 
Heath and Shenton, 1972) 

 
For the purposes of this project the following as-

sumptions were also made: 
1 The depth of construction was based on a static 

axle load of 32 tonnes. 
2 Subgrade resilient modulus, defined as the peak 

applied axial repeated stress divided by the sam-
ples recoverable axial strain was determined from 
either testing of recovered samples or estimated 
from the results of Dynamic Cone Penetrometer 
(DCP) testing, where samples could not be recov-
ered. 

3 Where existing layers of material are maintained 
in the new construction as granular sub-ballast, an 
equivalent foundation modulus (EFM) has been 
obtained from the equation: 
 
EFM = 143 * Surface Deflection-1.0439 MPa      (1) 
 
where the surface deflection was obtained from a 
proprietary linear elastic layer program using ma-
terial properties obtained from the relevant site 
investigations.  

2.2 UIC 719R  
The UIC 719R approach, developed by the Euro-
pean Committee for Standardisation for Europe wide 
use, is an empirical method for calculating granular 
layer thickness based on soil descriptions and quali-
tative classification of the soil into bands applicable 
to European soils. For the purposes of this project 
soils were assigned to classifications equivalent to 
those in the UIC code based on observed ground 
conditions and material properties obtained from in-
situ and laboratory testing.  

It was assumed that existing granular ballast ma-
terials, where present and of suitable quality, could 
be considered to be equivalent to sub-ballast for the 
purpose of the design; hence, where these materials 



remain in-situ their thickness needed to be sub-
tracted from the calculated granular layer thickness. 
This approach demonstrates an advantage over other 
methods in that any existing suitable granular sub-
grade materials could be easily incorporated into the 
design to reduce the required new granular layer 
thickness.  

For the purpose of this design the required bear-
ing capacity of the sub-grade has been classified as 
Platform 2: ‘average sub-grade’ based on the re-
quired structural performance.   

The overall thickness “e” is the sum of a number 
of factors (a-d, f-g etc on Figure 2) which relate to 
the subgrade conditions, proposed traffic speed, load 
and nature of traffic and trackbed structural require-
ments. The value of “E” depends on the required 
bearing capacity of the subgrade. The thickness of 
the prepared subgrade layer ef will depend on the 
soil type and the required platform bearing capacity. 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 2. Calculation of Minimum Thickness of Trackbed (Af-
ter UIC 1994) 

 
For the purposes of this design, values of a, b, c, f 

and g used in the calculation of granular thickness 
have been assumed to be zero in all calculations due 
to the low line speed and the lack of passenger com-
fort requirements. The value of d is taken to be 
0.12m due to the high axle loads proposed in the de-
sign.  

2.3 AREA Engineering Manual Approach 
This approach uses equations developed by Love 
(Love 1928) and Talbot (Talbot 1919).The Talbot 
equation is largely empirical and was developed 
from full scale laboratory tests using relatively low 
wheel loads. The Love equation is a development of 
the Boussinesq equation for elastic analysis, where 
the point load regime is replaced with a uniform 
pressure. The equations are: 

 
TALBOT EQUATION: 

 
 (2)  

 
LOVE EQUATION

 

 (3)

 
Where Pc = allowable subgrade pressure (psi); Pm 

= applied stress on ballast (psi); h = ballast depth 
(inches); r = radius of a circle whose area equals the 
sleeper bearing area (inches). 

The Engineering Manual approach recommends a 
universal limit of 20 psi (140 kPa) for allowable 
subgrade pressure. However this approach was not 
used in this project as it was felt that it could lead to 
inadequate design over poor ground conditions and 
over design on more competent subgrades. Instead 
values of Pc were calculated using Terzagi’s equa-
tion (Terzarghi 1943) for undrained soils (undrained 
conditions), working on the assumption that the 
railway acts as a rectangular pad foundation of di-
mensions equal to the sleeper areas rather than a 
continuous footing. This approach designs against 
individual sleeper punching which is assumed to be 
the worst case failure mechanism. Allowable sub-
grade pressure is then assumed to be 50% of the ul-
timate bearing capacity, as calculated from the 
Skempton equation (Skempton 1951). Allowable 
subgrade pressures for granular subgrades have been 
conservatively estimated from the results of DCP 
testing. Safe bearing pressures can be related to the 
density of the packing (Waltham 1994) of the granu-
lar material, which in turn is related to the SPT N 
values (BS 5930:1999). DCP testing was used in this 
project for which there is no standard correlation to 
SPT values, so engineering judgement was used to 
approximate suitable values.  

2.4 Analytical Method using a Multi-Layer Elastic 
Model 

There is currently no standard analytical method to 
assess the thickness of railway ballast for a given 
subgrade condition and traffic loading. In order to 
develop an analytical model, knowledge of subgrade 
properties in terms of strength and stiffness, track-
bed layer material properties, future traffic loading 
and relevant failure criteria are required. Two differ-
ent failure criteria where considered to calculate bal-
last thickness: 
• Limiting the shear stress applied to the subgrade 

under the locomotive axle load of 380kN to 50% 
of the subgrade material shear strength.   

• Limiting the maximum ballast surface deflection 
under 125kN loading to 1.5mm, which is associ-
ated with typical UK mainline poor track per-
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formance (Armitage and Sharpe 2000). The 
125kN represents 50% of a typical UK axle load 
assumed to be applied on one sleeper. 

This second criteria recognises the importance of 
limiting ballast elastic deformation under loading, 
since large movements can allow particle reorienta-
tion and ultimately loss of track quality, even where 
the subgrade is not overstressed. Using the design 
principles adopted in the field of Pavement Engi-
neering a model was developed to test the trackbed 
against these failure criteria. The trackbed structure 
comprising subgrade, existing contaminated granular 
material and new ballast were modelled as a multi-
layer linear elastic system where each layer is de-
scribed by its stiffness, Poisson’s ratio and thickness. 
An in-house multi-layer elastic program, used for 
pavement design, for nearly 20 years, was used to 
calculate the maximum shear stress at the top of the 
sub-grade and the deformation of the ballast surface 
under train loading for various assumed thicknesses 
of ballast. The calculated values were then compared 
with the subgrade material failure strength and the 
acceptable surface deflection of 1.5mm, respec-
tively. If either of the failure criteria was breached 
then the granular thickness was increased until a sat-
isfactory design was achieved. 

Subgrade and existing granular layer stiffnesses, 
shear strengths and thicknesses were predicted from 
a combination of laboratory and in-situ testing and 
observations.  

3 DESIGN RESULTS  

The results in Tables 1-6 show a selection of com-
bined granular/ballast layer thicknesses for trackbed 
on a range of subgrade types found along the pro-
posed route. Where the thickness is given as “less 
than” the requirement was below 300mm, which has 
been assumed as the minimum for automated track 
maintenance by tamping. 

3.1 Rock Sub-grade 
The design values of granular thickness for a rock 
sub-grade are presented in Table 1.  
 

Method Stiffness (MPa) Mode 
(mm) 

High 
(mm)

Love eqn 200 <300 <300
Talbot eqn 200 <300 <300
BR 200 300 300
UIC 200 570 1200
LE Stress 200 - -
LE def 200 300 300

Table 1. Typical Design Values for Rock Sub-Grades 
The high values using the UIC approach are as a 

result of a localized area of weak rock which has 
been highly weathered and was assigned a lower soil 
classification compared to other rock subgrades. 

Within the range of values, the UIC design thickness 
comes out at around twice the value predicted by 
other methods. This is due to the automatic use of 
550mm of material specified for the P2 bearing clas-
sification.  

The granular thickness specified in the design for 
rock subgrade was therefore set at 300mm. This is in 
agreement with most methods and provides suffi-
cient depth for future automated track maintenance. 

3.2 Granular Sub-grade 
The granular material sub-grades are either densely 
or loosely compacted and the results for the two 
classes are separated and shown in Tables 2 and 3. 

 
Method Stiffness (MPa) Mode

(mm)
High
(mm)

Love eqn 50 <300 600
Talbot eqn 50 <300 500
BR 50 400 400
UIC 50 670 670
LE Stress 50 - -
LE Def 50 500 500

Table 2. Typical Design Values for Loose Granular Sub-
Grades 

 
Method Stiffness (MPa) Mode 

(mm)
High
(mm)

Love eqn 80 <300 600
Talbot eqn 80 <300 500
BR 80 300 300
UIC 80 670 670
LE Stress 80 - -
LE Def 80 300 300

Table 3. Typical Design Values for  Dense Granular Sub-
Grades 
 

The granular material is typically layers of made 
ground to a depth of 1.2m, which comprises gravelly 
sands with varying but small quantities of clay. Once 
again the UIC method gives a higher construction 
thickness than the other methods, but does not dis-
tinguish between the different mechanical properties 
of the two subgrade density states. The BR and ana-
lytical methods show a slight increase in thickness 
for the less dense material reflecting the lower stiff-
ness and higher susceptibility to deflection.  

Within each density state there are is a range of 
acceptable threshold stresses related to the composi-
tion of the granular materials. This has an effect on 
the AREA Engineering Manual methods which are 
based on the mechanical bearing capacity of the ma-
terials, not the stiffness of the subgrade. 

The granular layer thickness specified for these 
sections of trackbed are 300mm for the 50MPa stiff-
ness and 400mm for the 80MPa stiffness in accor-
dance with the BR design method.  



3.3 Clay Sub-Grade 
The clay subgrades were divided into three catego-
ries (20, 40, 60 MPa stiffness) in order to assess a 
range of conditions. The stiffness was related to the 
undrained shear strength as measured by a hand 
vane in trial pits using the correlation given in 
BS5930 1999 section 41.3.2. 

 
Method Stiffness (MPa) Mode (mm)
Love eqn 20 900
Talbot eqn 20 800
BR 20 900
UIC 20 -
LE Stress 20 >1000
LE Def 20 >1000

Table 3. Typical Design values for very soft to soft Clay Sub-
grades 

 
Method Stiffness 

(MPa) 
Mode 
(mm) 

High 
(mm) 

Low 
(mm) 

Love eqn 40 500 800 500
Talbot eqn 40 400 600 400
BR 40 500 500 500
UIC 40 1020 1020 1020
LE Stress 40 >1000 >1000 >1000
LE Def 40 900 900 300

Table 4. Typical Design values for firm Clay Sub-grades 
 

Method Stiffness 
(MPa) 

Mode 
(mm) 

High 
(mm) 

Low
(mm) 

Love eqn 60 400 500 <300
Talbot eqn 60 300 400 <300
BR 60 300 300 300
UIC 60 1020 1020 1020
LE Stress 60 1000 >1000 400
LE Def 60 300 300 300

Table 5.  Typical Design Values for stiff to very stiff Clay Sub-
grades 
 

At lowest sub-grade stiffness there is a reasonably 
consistent agreement between all methods that a 
granular thickness of around 1m is required. The 
UIC method could not be used for this quality sub-
grade since  it was considered too poor and should 
be improved. As the subgrade stiffness increases to  
40MPa the AREA and BR approaches show a de-
crease in required thickness, but the UIC and ana-
lytical methods both stipulate a thickness of around 
1m. Within each subgrade type there was a wide 
range of allowable bearing pressures and threshold 
shear strengths which contributed to variation in de-
sign thickness Each design method also uses differ-
ent parameters as a basis for their results; in particu-
lar the approach used to allow for the presence of 
existing granular material (such as old trackbed). 
Since clay subgrades vary considerably, due to dif-
ferences in their stiffness and strength as a result of 
moisture changes, design methodologies that reflect 
these differences are preferable to those that don’t.  

In general the soft clay subgrades all required in 
excess of 1m depth of granular material, as calcu-

lated by the Linear Elastic Stress and Deflection de-
sign methods. Firm clay subgrades (either with or 
without existing sub-ballast) were felt to require a 
more conservative approach than that suggested by 
the AREA or BR manuals so the UIC method was 
stipulated, to allow for potential future softening. 
For stiff subgrades with no existing sub-ballast the 
UIC method was also stipulated, but where there 
was a thickness of sub-ballast up to 200mm the BR 
method was used since there was a degree of sub-
grade protection already in place. These decisions 
were influenced by the results from the Linear Elas-
tic analysis. Indeed, where there was a good thick-
ness of sub-ballast, in excess of 200mm, over a stiff 
clay subgrade the Linear Elastic analysis was used to 
check for allowable deflections when using the 
300mm minimum depth of granular material speci-
fied to allow for tamping.  

3.4 General Design Considerations 
As can be seen from Tables 1 – 6 and Figure 3 the 
results from the differing design methodologies can 
vary significantly. It can also be seen that although 
there is some general trend in the differences 
(thicker granular trackbed for weaker subgrades) 
there is no simple relationship that allows for direct 
comparison. This is not unexpected as the methods 
use differing material parameters and assumptions to 
determine the thickness of granular material.  
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Figure 3 Summary Plot of Design Thicknesses 
 
This lack of correlation highlights the problems 

faced by designers when specifying trackbed con-
struction. The use of a design code in a situation out-
side of the limits upon which it was based may not 
produce adequate results when used elsewhere, es-
pecially when the method uses pre-prepared charts. 
If all methods are fundamentally based on providing 
adequate subgrade protection, then a more targeted 
design can be produced with increasing knowledge 
of the subgrade materials and properties. Otherwise, 



some methods may be unnecessarily conservative, or 
(perhaps worse) unable to deliver the level of per-
formance required during the design life.  

There is always a balance to be made between 
initial cost and future maintenance cost. This bal-
ance is one that can only be made by understanding 
the client’s perspective, so it is essential to involve 
the client by explaining the options and agreeing the 
preferred whole life value approach. The ability to 
maintain a track (especially when single line, such as 
the one considered in this paper) involves knowl-
edge of available plant, local expertise, freight op-
erations, economic cost of downtime, etc.  

In recent years a number of finite element meth-
ods have been proposed Chang et al (1980), Rose et 
al (2003) some of which are used in conjunction 
with elastic models. As yet, due to the complexity of 
modelling and limits of time, these methods are not 
suited for routine use, especially for the design of 
trackbed renewals, although they may find applica-
tion in the design of new high speed lines where fur-
ther optimisation of trackbed design is financially 
beneficial.  

A more practical solution to this problem is to use 
a method based on Linear Elastic analysis, validated 
using in service trackbed data. This would allow de-
signers to develop more appropriate solutions, using 
site specific materials data which is now available, 
underpinned by a method proven for pavement de-
sign over nearly three decades. 

4 CONCLUSIONS 

• Results from different design methodologies 
produced varying results for the required depth 
of trackbed construction on a range of subgrade 
types. 

• In this project a number of design approaches 
were used and compared, which enabled the de-
signer to specify a suitable trackbed construc-
tion.  

• A design method based on a Linear Elastic 
analysis appears to provide realistic trackbed 
thicknesses in most cases. This makes use of  
material information that can be captured rela-
tively easily during a site investigation, so is not 
constrained by regionally developed empiricism. 

5 FURTHER WORK 

The authors are currently developing the linear 
elastic model approach for trackbed design under an 
Engineering Doctorate scheme. It is hoped to opti-
mise future designs by using a greater range of mate-
rial specific parameters and a more realistic ap-
proximation of trackbed loading.  Notwithstanding 
the inelastic nature of granular layers it is felt that, 

for practical purposes, this approach would be suit-
able for bridging the gap between the current ex-
tremes of design method (complex finite element 
versus simple empirical) to provide more cost effi-
cient solutions. 
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