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Abstract: The first piled embankment using high tenacity polyester reinforcement was constructed in Scotland in 
the early 1970's (Reid & Buchanan, 1984). At that time piled embankments were revolutionary as they over came the 
twin problem of differential settlement and the need for rapid infrastructure development. The design of piled 
embankments was not well understood at this time, however, monitoring of piled embankment bridge approaches 
(Reid & Buchanan, 1984) indicated that a complicated load transfer mechanism was taking place in the embankment 
fill immediately above the pile caps.  

The arching mechanism in the embankment fill is better understood today, however a universal accepted design 
method is still not available. In fact, significant discrepancies have been reported in the literature (Naughton & 
Kempton, 2005 and Stewart & Filz, 2005) between the most popular current design methods. 

This paper takes a historical look at the development of piled embankments since their earliest days. The evolution 
of design methods is also presented with a detailed discussion on the current understanding of the arching mechanism. 
A review of case histories from the literature is presented to ascertain how the geometry of the piles and reinforcement 
strength requirements have changed over the past quarter of a century and examines what is considered best practice 
today.  

A detailed discussion is also presented on what is desirable from a design method, should it allow for subsoil 
support and how best to quantify the magnitude of arching. The degree of complexity required in design is also 
discussed. 

 
Keywords: design, embankment, ground improvement, lifetime prediction, piled embankment, reinforcement 

strength. 
 

INTRODUCTION 
Column supported or piled embankments offers an efficient method for constructing embankments over 

problematic soft compressible soil deposits. The construction technique is straight forward in that; piles are generally 
driven to a firm bearing stratum under the foot print of the embankment, pile caps are constructed over the piles and 
geosynthetic reinforcing layers placed over the pile caps to aid load transfer. The embankment can then be constructed 
directly over this foundation. The piles and pile caps transfer the load of the embankment directly to a firm bearing 
stratum at depth, while the geosynthetic reinforcement serves to transfer the embankment loading not transferred by 
direct bearing on the pile caps to the piles and also resist lateral thrust of the embankment loads. 

In recent years a number of design techniques have been development to determine the magnitude of load carried 
by the pile caps in direct bearing and that carried indirectly through load transfer by the geosynthetic reinforcement. 
Comparison of the most popular design methods (Naughton & Kempton, 2005 and Stewart and Filz, 2005) show large 
divergence between these methods. The difficulty of designing a piled embankment under a motorway were 
highlighted by Love & Milligan (2003) and a significant number of design points still remain unresolved. 

The paper takes a historical look at the development of the piled embankment technique. The developments in the 
understanding of the arching mechanism are discussed. Case histories are presented which highlight the evolution of 
the method since the 1970’s. Looking to the future some of the problem areas, as presented by Love and Milligan 
(2003) are discussed. Finally the long-term assessment of the polyester geosynthetic reinforcement is reviewed. 

 
HISTORICAL DEVELOPMENT OF PILED EMBANKMENTS 

The construction of embankments on soft compressible soils is a significant challenge. In addition to the low shear 
strength of the soft soil the challenge of controlling possible significant construction and post construction settlement 
is difficult. The construction of high quality infrastructure such as intercity / interstate motorways and high speed rail 
networks requires high quality embankment foundations. Traditional techniques for construction embankments over 
soft compressible soils can be divided into several categories (Demerdash, 1996): 

• Preloading or staged construction in conjunction with vertical drainage to accelerate consolidation and, hence, 
increase the load carrying capability of the subsoil, 

• Designing the embankment profile to be compatible with the bearing strength of the soft foundation by 
adopting gentle side slopes or including side berms, 

• Using lightweight fill such as polystyrene to reduce the imposed load on the soft soil, 
• Specialised process such as chemical treatment and electro-osmosis, 
• Methods which reinforced or stiffen the subsoil using piles, sand/stone/lime columns and/or geosynthetics. 

Magnan (1994) is discussing the advantage and drawback of some of these systems suggested that piled 
embankments, while expensive relative to other techniques, offer a reliable method for controlling both the short and 
long settlement and stability of embankments.  
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The piled embankment technique developed out of the remediation of the step that develops at the interface of a 
rigid bridge abutment and the adjacent embankment on soft soil. Piled embankments with large pile caps and no 
reinforcement materials where first used in the late 1960-70’s in Finland to overcome this particular problem. Raking 
piles were required along the edges of the embankments to prevent lateral failure. A zone, where the lengths of the 
piles were progressively reduced was used to form a transition between the compressible soft soil and the rigid bridge 
abutment. This construction method proved very successful and in the 1970’s was modified to include high strength 
geosynthetic material, which came on the market about this time. The geosynthetic materials were high in tensile 
strength and could be used to, firstly, reduce the size of the pile caps, as load would be transferred by tension in the 
geosynthetic spanning between adjacent pile caps and, secondly, it removed the need for expensive raking piles as the 
geosynthetic material would resist outward lateral movement of the embankment side slopes. 

This type of construction, incorporating high strength polyester geosynthetic was first used in the UK in Central 
Scotland on the A876 in 1973 (Reid & Buchanan, 1984). Extensive monitoring of this scheme allowed valuable 
lessons to be learnt which are still valid today, 35 years later. Reid & Buchanan (1984) reported that instrumentation 
placed in the embankment showed the following: 

1. Near the bridge, the piles carried 82 % of the total load of the embankment even through the pile caps only 
occupied 10.6 % of the loaded area, indicating that significant arching was taking place in the embankment 
fill, 

2. During construction, the excess pore pressures in the soft soil never exceeded 5 % of the weight of the 
embankment fill, indicating that the load on the soft soil was considerably reduced  

3. The lateral strain in the soft soil was also reduced thus protecting the bridge support piles from adverse lateral 
loads. 

 
DEVELOPMENT OF DESIGN METHODS FOR PILED EMBANKMENTS 

The design of piled embankments is generally divided into two separate parts (Lawson, 2001). The first part 
determines the vertical stress acting on the soft foundation between the pile caps by means of a suitable arching model. 
The second part determines the resultant load in the reinforcement by assuming a specific deflected shape for the 
reinforcement. The simplest and most commonly used deflected shape for the reinforcement is the parabola. For the 
reinforcement to adapt a parabolic shape the stress at the base of the embankment must be uniformly distributed over 
the reinforcement and any support from the subsoil must be ignored. Lawson (2001) suggested that decoupling the 
problem into two parts simplifies the problem; it also ignores any direct interaction between the soil and the 
reinforcement. 

One of the first comprehensive design methods for piled embankments was presented by Annon (1988). Arching in 
the embankment fill was estimated by adapting Marston’s formula for the two-dimensional complete projecting 
conduit to three-dimensions. A projecting conduit (a pile cap in this case) was defined as a conduit installed in shallow 
bedding with its top projecting above the surface of the natural ground and which is then covered with an embankment 
(Spangler, 1963). Tension in the reinforcement was calculated assuming a parabolic deflected shape for the 
reinforcement.  

The original assessment of arching ignored the concept of a plane of equal settlement in the embankment fill. 
Where an embankment is sufficiently high it is assumed that the shearing forces will terminate at some horizontal 
plane in the embankment fill; termed the plane of equal settlement and all loads above the plane of equal settlement 
are automatically transfer to the pile caps. The existence of the plane of equal settlement has been shown to exist 
experimentally in model piled embankments (Hewlett & Randolph, 1988, Horgan & Sarsby, 2002 and Britton & 
Naughton, 2008).  

The original design method was up dated by Annon (1995) to include the concept of a plane of equal settlement. 
The design method assumed that the plane of equal settlement was located a height of 1.4 times the clear spacing 
between adjacent pile caps, corresponding to the diagonal distance between opposite piles caps arranged on a square 
grid. The updated design method by Annon (1995) formed the basis for the piled embankment design method in BS 
8006 (1995). 

 
THE ARCHING MECHANISM IN PILED EMBANKMENTS 

Research on piled embankments has focused on the arching mechanism and the distribution of stress at the base of 
the embankment. Arching is a natural phenomenon that occurs due to the relative movement of two bodies. In piled 
embankments the soft soil between the pile caps consolidates relative to the rigid pile caps. This movement induces 
arching in the fill, resulting in a redistribution of the load at the base of the embankment. The load on the pile caps has 
increased while that on the geosynthetic reinforcement has reduced relative to the expected stress. 

Low et al. (1994) defined the stress reduction ratio as a useful parameter for quantifying the degree of arching in 
an embankment. The stress reduction ratio is the magnitude to the actual stress at the base of the embankment relative 
to that which would be experienced if no arching occurred. Mathematically it can be expressed as: 

 
S3D = pr / γH 
 
Where pr is the stress on the reinforcement due to arching, γ is the unit weight of the embankment fill and H is the 

height of the embankment.  
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BS 8006 (1995), Carlsson (1987) Hewlett & Randolph (1988), Kempfert et al. (2004), Russell et al. (2003), 
Terzaghi (1943), Jenner at al. (1998) and Naughton (2007) all proposed methods for estimating the magnitude of 
arching in piled embankments. Both Naughton & Kempton (2005) and Stewart and Filz (2005) have reported large 
disparities in the stress reduction ratio predicted by these methods. In particular, Naughton and Kempton (2005) and 
Naughton (2007) analysed two particular embankments and compared the stress reduction ratio from the different 
design methods with the results of three-dimensional numerical analysis. The geometry and design parameters for 
these two embankments are presented in Table 1. 

 
Table 1. Summary of embankment geometry and material properties used in the numerical analysis, after Russell & 
Pierpoint (1997). 
Property Embankment A Embankment B 
Height (m) 5.8 4.3 
Pile cap width (m) 1.0 0.5 
Pile spacing (m) 2.5 2.5 
Longitude reinforcement stiffness (kN/m) 5500 294 
Transverse reinforcement stiffness (kN/m) 9500 738 
Fill Poisson’s ratio 0.2 0.2 
Fill stiffness (MPa) 20 40 
Average fill density (kN/m3) 18.2 19.0 
Fill angle of friction (0) 30 40 
Fill dilation (0) 0 0 
Fill cohesion (kPa) 0 10 
 

The stress reduction ratio for Embankments A and B, determined from the various design methods (BS 8006, 
1995, Carlsson, 1987, Hewlett & Randolph, 1988, Kempfert et al., 2004, Russell et al., 2003, Terzaghi, 1943, Jenner 
at al, 1998, Naughton 2007 and numerical analysis reported by Russell & Pierpoint, 1996) are presented in Figure 1. 
The design methods perform very differently. The design following the Jenner et al. method appears to consistently 
under-predict the S3D relative to all the other methods including the numerical analysis. The Terzaghi and Hewlett and 
Randolph design methods predict similar values and appear reasonably consistent for both embankments, although 
their S3D are different to other methods. The Russell et al. and the numerical analysis predict similar S3D for 
Embankment A, while BS 8006, Russell et al. and Kempfert et al. predict similar values for Embankment B. In both 
cases the Russell et al. method predicts higher values of S3D and is therefore conservative in terms of its estimation of 
the magnitude of arching occurring. Naughton shows good agreement with Hewlett & Randolph and Terzaghi for 
Embankment A and Kempfert et al, Russell et al. and BS 8006 for Embankment B. 

Naughton (2007) reviewed the concept of the plane of equal settlement (also termed the critical height) and 
suggested that it could be incorporated into a design method for preliminary calculations. Most existing design 
methods consider the concept and it has been shown to exist experimentally in model piled embankments (Hewlett & 
Randolph, 1988, Horgan & Sarsby, 2002 and Britton & Naughton, 2008). The location of the plane of equal settlement 
for some of the design methods considered in this study is summarized in Table 2. With the exception of Kempfert et 
al. (2004) and Russell et al. (2003) the critical height is a function of the difference between the pile spacing, s, and 
pile cap size, a. The range of critical heights used in the design methods varies from 1.24 (s-a) to 2.5 (s-a). 

Significant further research is required into the arching mechanism in piled embankments before a universally 
accepted design approach is found. 

 
Table 2. Location of plane of equal settlement (critical height) for different design methods. 
Design method Critical height
BS 8006 (1995) 1.4 (s-a) 
Carsslon (1987) 1.87 (s-a) 
Hewlett & Randolph (1988) 1.4 (s-a) 
Kempfert et al. (2003) s/2 
Russell et al. (2003) H (for Ultimate Limit State) 
Horgan & Sarby (2000) 1.545 (s-a) to 1.92 (s-a) 
Terzaghi (1936) 2.5 (s-a) 
Naughton (2007) 1.24 (s-a) to 2.40 (s-a) 
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Figure 1. Stress Reduction Ratio for (a) Embankment A and (b) Embankment B. 
 
SELECTION OF PILED EMBANKMENT GEOMETRY 

There is no universal rational on deciding the appropriate geometry for a piled embankment. The pile spacing, pile 
cap size and geosynthetic reinforcement will largely dedicate the overall cost of construction. In many cases the cost 
of pile installation and pile cap construction is balanced with the cost of the geosynthetic reinforcement. Where piles 
are expensive to install their spacing is generally increased resulting in higher reinforcement tensions and higher 
geosynthetic reinforcement cost and visa versa.  

A review of case histories from the literature indicates that the overall geometry of the piled embankment has not 
changed greatly since they were first constructed with geosynthetics reinforcement in the late 1970’s. Typically the 
pile spacing is in the range 2.0 - 3.0 m c/c, with a 0.75 – 1.5 m square or circular pile cap, Table 3. Given the current 
knowledge of the arching mechanism these geometries are shown to be adequate for most cases. Piles are generally 
installed on a square grid as triangular arrangements greatly complicate the analysis of the arching mechanism. 

 
Table 3. Summary of piled embankment geometry used over the past 35 years. 
Reference Year of 

construction 
Country Pile spacing, s 

(m) 
Pile caps 
size, a (m) 

Height of 
embankment, H (m) 

Reid & Buchanan (1984) 1973 Scotland 3.0 – 4.5 1.1 - 1.5 c. 6 
Holmberg (1978) c. 1978 Thailand 1.5 0.8 3 - 6 
O’Riordan (1996) c. 1985 Ireland 3.0 1.0 Up to 8.6 
Jones et al. (1990) c. 1989 UK 2.75 1.4 4.0 
Rogbeck et al. (1998) 1996 Sweden 2.4 1.2 1.7 
Habib et al. (2002) c. 2000 The Netherlands 2.5 0.7 1.55 
Marchi et al. (2006) 2003 Italy 2.0 0.5 5.5 
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In deciding on the pile cap size a balance must be struck between the costs of providing larger pile caps and lower 

strength reinforcement. Demerdash (1996) suggested that a lower bound limit of 11 % should be used for the area of 
the pile cap to the area of formed by four piles in a regular grid. Quigley and Naughton (2007) provided guidance on 
the selection of appropriate geometry for piled embankments. 

 
NUMERICAL ANALYSIS OF PILED EMBANKMENTS 

Significant numerical analysis of piled embankments has taken place of the past 20 years. Kempton et al. (1998) in 
analysing piled embankments performed both two- and three-dimensional analysis using FLAC (Itasca, 1993). The 
results of the analysis demonstrated that the piled embankment problem needs to be considered in three-dimensions 
rather than two-dimensions. The stress reduction ratio was found to be significantly higher in the three-dimensional 
case than the two-dimensional case for all pile caps size to pile spacing. Consequently the maximum displacement at 
the base of the embankment and the tension generated in the reinforcement are underestimated if the three-
dimensional nature of the problem is ignored. This behaviour is intuitively correct as the proportion of the pile is less 
in the three-dimensional case (a2/s2) than in the two-dimensional case (a/s). 

 
Development of a new construction technique based on the results of three-dimensional numerical analysis 

The three-dimensional numerical analysis presented by Russell and Pierpoint (1997) indicated that the tension in 
the geosynthetic spanning over the pile caps was not evenly distributed across the width of the reinforcement, but 
rather concentrated in the reinforcement elements directly between the pile caps. This led Russell et al. (2003) to 
produce a new design and construction method that incorporated the concept of different reinforcement types. By 
providing high strength reinforcement elements in the area immediately between the pile caps only considerable 
economic savings could be made. 

In the new construction technique the reinforcement material provided is divided into primary reinforcement, 
which is a high strength reinforcement material that spans between adjacent pile caps, and secondary reinforcement, 
which is of lower strength but which covers the entire piled area. The design of both the primary and secondary 
reinforcements requires that suitable checks be performed in design to ensure strain compatibility. Currently both 
reinforcement types are designed for a short-term strain of 5 %. A variation of this method was used by Wood et al. 
(2004) in designing the Selby bypass in the United Kingdom. 

Kempton and Naughton (2003) summarised the advantages and disadvantages of the new construction technique 
as follows: 
Advantages: 

• Provides reinforcement where it is most effective, 
• Design method developed from detailed numerical analysis, which was calibrated against existing 

embankments, 
• Gives an overall cost saving. 

Disadvantages: 
• Installation of reinforcement layers more complex, as two layers in each direction now required, 
• Higher strength reinforcement still required along the edge of the embankment to resist lateral thrust, 
• More detailed knowledge of piled embankments required for design. 

 
INCORPORATING SUPPORT FROM THE SUBSOIL INTO DESIGN 

Currently most design methods ignore the support provided from the subsoil to the geosynthetic reinforcement 
between the pile caps. The calculation of the tension in the reinforcement therefore assumes that a uniformly 
distributed load acts on the reinforcement and the reinforcement itself deflects into a parabola. Including support from 
the subsoil can greatly reduce the tension is the reinforcement (Russell and Pierpoint, 1997, Russell et al., 2003 and 
Kempfert et al. 2004). 

However, when incorporating support from the subsoil care needs to be taken. Consideration needs to be given to 
the long-term, typically 100-120 year, availability of the subsoil support. Furthermore, extensive laboratory and in situ 
testing is required to determine suitable design parameter for the subsoil. The method proposed by Russell et al. 
(2003) assesses the support from the subsoil using the coefficient of volume compressibility, mV, while Kempfert et 
al. (2004) use the coefficient of subgrade reaction, k. 

Where support from the subsoil is included in design the geosynthetic reinforcement will no longer deflect into a 
parabolic shape, which complicates the determination of the reinforcement tension. A difficult aspect of design is the 
compatibility of deformation in the reinforcement, the embankment fill and the soft subgrade. For a robust design, 
strain compatibility must be achieved. 
 
BETTER UNDERSTANDING OF THE LONG-TERM LOAD CARRYING CAPABILITY OF POLYESTER 
GEOSYNTHETICS 

The long-term load carrying ability of geosynthetic reinforcement materials is affected by installation damage, 
creep and environmental degradation. Traditionally these affects were accounted for in design using partial material 
factors. Each affect was considered independently and was generally considered to bring about a reduction in strength 
in the reinforcement. The magnitude of the partial factors have considerably reduced over the past 20 years, Table 4, 
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due firstly to a greater use of the materials and the exhumation of older samples, and secondly, greater understanding 
of the complexity of the strength reducing affects and their interdependence and modes of action. Comparing the 
material factors for a particular polyester based geosynthetic in use for over 35 years shows that the material factors 
have reduced by approximately 40 % over this time period, Table 4. 

 
Table 4. Partial material factors for ParaLink, 1988 and 2008, for a 120 year design life. 
Material partial factor 1988 2008 
Insulation damage 1.00 – 1.10 1.00 – 1.05 
Creep 1.78 1.38 – 1.45 
Environmental damage 1.05 1.03 
Extrapolation of test data to design life of 120 years. 1.4 1.05 
Overall material factor 2.62 – 2.88 1.49 – 1.64 

 
The fundamental mechanism of degradation for installation damage, creep and the environmental is now better 

understood. In this regard the method of assessing the long-term strength of polyester based geosynthetic 
reinforcement needs to evolve to reflect this changed understanding. The degradation of strength in polymeric 
reinforcement is not instantaneous with time, as assumed in most assessment methods (BS 8006, 1995 and ISO/TR 
20432, 2007) but follows one of three possible modes, Figure 2 (Greenwood et al., 2002). The partial material factor 
for Mode 1 takes immediate effect and is independent of time. The partial material factor corresponding to Mode 2 is 
time-dependent and for Mode 3 the degradation occurs at the end of the geosynthetics life. For Modes 2 and 3 the 
application of a partial material factor to load is inappropriate and it is essential to predict the time to failure, together 
with its variability. Any partial factor should then be applied to time and not load (Greenwood et al., 2002).  

Naughton et al. (2005) reported on the retained strength of polyester based reinforcement geosynthetics, similar to 
that used in piled embankments, retrieved at different time intervals over a 28-year period. It was suggested that the 
retrieved samples had experienced in-service installation damage and environmental degradation over a 28-year period 
but had not experienced significant creep. Tensile testing indicated that no reduction in the strength and stiffness of the 
materials had occurred over a 28-year period. It is suggested that lifetime assessment is a more appropriate method of 
predicting the long-term strength for polyester geosynthetics used in piled embankments and other long-term 
applications.  

Naughton & Kempton (2006) proposed a lifetime assessment method that accounts for the actual mode of 
degradation for the different influences on reinforcement strength. Installation damage is a Mode 1 degradation, 
environmental effects is a Mode 2 degradation and creep is a Mode 3 degradation. Lifetime assessment recommends 
applying a suitable partial material factor to account for installation damage, which is in keeping with existing 
procedures. Kempton et al. (2002) and Naughton et al. (2004) proposed that creep be assessed using a residual 
strength concept for polyester based geosynthetics and for environmental degradation it is more appropriate to 
compare a limiting strength with the time for the reinforcement strength to reduce to this level, rather than to apply a 
partial material factor to the strength of the reinforcement (Naughton & Kempton, 2006). The proposed assessment 
technique can be broken down into three steps: 

1. The short-term strength of the reinforcement is reduced to account for installation damage. 
2. The creep-limited strength is then determined using the method proposed by Kempton et al. (2002) and 

Naughton et al. (2004). 
3. The time for environmental degradation to reduce the strength of the reinforcement to the creep-limited 

strength is determined, based on a suitable design temperature in the soil mass/structure over the design life 
using the procedure proposed by Naughton & Kempton (2006).  

Where the time for environmental degradation to reduce the strength to the creep-limited value is greater than the 
factored design life environment degradation will not affect the design strength. Design calculations (Naughton & 
Kempton, 2006) indicate the reinforcement used in any particular application is loaded to between 50 and 70% of its 
short-term strength and that the average design temperature has a maximum value of 30°C for most regions. This 
would indicate that the time required by the environment to reduce the strength to 70% of its initial values is 
approximately 390 years for a design temperature of 30°C and pH in the range 4 ≤ pH ≤ 11. 

 
CONCLUSIONS 

Piled embankments have been successfully used around the world for the past 35 years. The design of these 
systems is complicated and is not yet fully understood. A considerable number of design methods for estimating the 
magnitude of arching in the embankment fill have been developed. Considerable variation exists in the calculation of 
the plane of equal settlement (critical height) and the stress reduction ratio. The discrepancies between the design 
methods are not consistent but vary depending on the geometry of the piled embankment system. 

Development of a consistent design method is hindered by the complexity of the system. Piled embankments are 
complex three-dimensional soil structure interaction problems that are difficult to model numerically. The design is 
further complicated by the presence of the soft soil between the pile caps, which is reality does offer support to the 
embankment. The difficult design question is can this support be relied upon in the long-term and can strain 
compatibility be achieved between the embankment fill, the geosynthetic reinforcement and the soft subsoil. 
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Considerable progress has been made in recent years in the understanding of the long-term performance and 
degradation of geosynthetic reinforcement, particular polyester based materials. However, these advances have not 
found their way into routine design methods and codes of practice. 

The use of the piled embankment method for constructing on soft compressible soils will continue to grow as the 
demand for infrastructure requires the construction of embankments on soil that could previously be avoided. In this 
regard both the methods used to design piled embankments and the methods used to assess the long-term load carrying 
ability of the geosynthetic reinforcement will evolve. 
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