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Pile foundations for masts supporting overhead line equipment (OLE) on railways in Western Europe
have traditionally been designed using empirical formulae derived from tests carried out in the 1950s
under the auspices of the Union Internationale des Chemins de fer (UIC). Recent application in
the UK of ostensibly more analytical approaches led to significantly increased pile lengths, which
contributed to the high-profile cost over-run on the Great Western electrification programme. Further,
the loads associatedwith some newer designs of mast are greater than those covered by the original field
tests, and hence are outside the evidence base for the empirical approach. To address this, full-scale field
tests were carried out on three, 610 mm dia. circular hollow-section steel piles installed in a railway
embankment at the High Marnham test track (Nottinghamshire, UK). Each pile was designed
according to the empirical OLE master index (OLEMI) method for a different form of modern OLE
mast, and instrumented using Shape accelerometer arrays (SAAs) to determine pile deformations. The
results provide valuable insights into the mechanisms of deformation of piles of different lengths, both
at and beyond the expected in-service loads. p–y curves derived from the SAA measurements compare
reasonably well with curves constructed using the American Petroleum Institute method for undrained
clay soils. The tests also demonstrate the suitability of the OLEMI approach for large structures and
loads; and that the Eurocode 7 partial factors on load and undrained shear strength applied to an
undrained (total stress) limit equilibrium calculation are likely to be sufficient to meet serviceability
requirements for standard single-and twin-track cantilever structures.

KEYWORDS: design; field monitoring; field tests; foundations and soil–structure interaction; laterally
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INTRODUCTION
The estimated cost of the UK’s Great Western mainline
electrification project (GWEP) rose by 75% from £1·6 billion
in 2014 to £2·8 billion in 2016 (NAO, 2016). Part of the cost
over-run related to the design and installation of the overhead
line equipment (OLE; Fig. 1) – in particular, the foundation
piles for the supporting structures (Powrie et al., 2019).
OLE support mast foundations, especially for cantilever

structures, must resist potentially large lateral loads and
moments at ground level, in addition to the vertical forces
associated with the weight of the equipment they carry. On
railways in the UK, OLE foundation piles have previously been
designed using the OLE master index (OLEMI) method.
OLEMI is a development by British Rail of an approach based
on a series of empirical formulae derived from the results of
reduced-scale model tests on square, rectangular and circular
section piles in dry sand (Ramelot & van Deperre, 1950), and

233 full-scale field tests carried out in the 1950s under the
auspices of the Office for Research and Experiments of the
International Union of Railways (Union Internationale des
Chemins de fer) (UIC-ORE, 1957). The field tests were carried
out adjacent to railway lines, primarily on circular cylindrical
concrete foundation piles with diameters ranging from 0·55 m
to 1·2 m and lengths ranging from 1·2 m to 3·0 m, in a range of
soil types (mixed gravel, coarse gravels, sand and ‘all kinds of
clay’) and various natural terrains (cutting, flat and embank-
ment). Loading was characterised as either ‘fast’ (in which the
moment limit was achieved in 15 min) or ‘slow’ (moment limit
reached in weeks or some months).
The results of the tests revealed that the main factors

affecting foundation performance were the dimensions of the
foundation base, the ineffective depth of near-surface soil,
the direction of pull in relation to the track, the distance of
the stanchion from the track and the terrain type (cutting,
level or embankment). Within the range tested, soil type was
not found to be a key variable other than as characterised by
the effective unit weight. Various empirical modification
factors (K ) were derived from the tests, for application to the
basic formulae to accommodate variations in the terrain type
(cutting, embankment or level ground). The method is
summarised in the Appendix to this paper and discussed in
more detail by Powrie et al. (2019).
A review of Network Rail’s experience of OLEMI-based

design (Mootoosamy et al., 2015) highlighted its use in
foundation allocation since 1984. In the electrification of the
East Coast main line from Hitchin to Carstairs by way of
Edinburgh in 1986–1992, OLEMI-based design was applied
to both concrete and 610 mm dia. circular hollow-section
(CHS) steel pile foundations supporting Mk3B 25 kV AC
OLE system masts and equipment. It was also adopted on
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HS1 and has been used across the UK in ground conditions
outside the original UIC-ORE test database including
alluvium, chalk and, to a limited extent, peat.

More analytical design approaches (e.g. Atkins, 2010;
Krechowiecki-Shaw & Alobaidi, 2015) are generally based
on limiting lateral stress distributions on a laterally loaded
pile foundation originally proposed by Brinch (1961) or
Broms (1964a, 1964b), possibly modified according to
Fleming et al. (1994, 2009). In an ultimate limit state
design using the partial factors on load or soil strength
specified in Eurocode 7 (BSI, 2014a, 2014b), a limiting
lateral stress approach can give results that are broadly
comparable with OLEMI as long as the lateral earth pressure
coefficients used take account of three-dimensional effects
(Powrie et al., 2019). However, the use of plane-strain
limiting lateral earth pressure coefficients in the calculation,
or an attempt to carry out serviceability limit state checks
using underestimated or inappropriate soil stiffness profiles,
will lead to significantly less economic pile designs than those
derived using OLEMI (Powrie et al., 2019).

Understanding the mode of pile behaviour is important
in determining what influences the magnitude of pile
head deflections. As demonstrated in this context by Powrie
et al. (2019), in broad terms, the following points can be
made.

(a) The deflection of a short, stiff pile, which rotates
essentially as a rigid body about a point near the toe,
depends mainly on the soil stiffness; halving the soil
stiffness will roughly double the calculated pile head
deflection.

(b) Conversely, the deflection primarily in bending of a pile
long enough for its lower portion to be held essentially
vertical by the soil, is in this case little affected by the
soil stiffness.

(c) Increasing the pile length only reduces the pile head
deflection if it changes the pile behaviour from ‘short’
(rigid body rotation about a point near the toe) to ‘long’
(deformation mainly in bending, with the lower portion
remaining vertical).

The main factor militating against the use of OLEMI in
determining pile lengths for the new Series 1 OLE structures
used on GWEP was that, at the higher end, the associated
loads were outside (greater than) those in the empirical
evidence base that supports and justifies the use of the
approach. This paper reports a series of full-scale field tests,
carried out on piles installed in a railway embankment at the

Network Rail High Marnham test track in Nottinghamshire,
UK, to facilitate extension of the OLEMI design method-
ology to 610 mm dia. CHS steel piles and the high in-service
loads associated with Series 1 OLE masts. Each pile was
instrumented with Shape accelerometer arrays (SAAs) to
measure deflections, from which p–y curves were derived and
compared with curves constructed using the undrained ‘Clay
API’ method (API, 2014).

DESIGN OF THE TEST PILES
Each pile was designed according to the OLEMI principles

for the loads associated with a different type of Series 1 OLE
mast: a single-track cantilever (STC), a twin-track cantilever
(TTC) and an extra-long twin track cantilever (XL-TTC). In
all cases, the most onerous loading condition was in the
direction towards the track. Characteristic (design or service)
loads were calculated for these three structures by BH (2015a,
2015b, 2015c). Reflecting the OLEMI approach, loads are
summarised as an equivalent moment at ground level, MGL
(as discussed in detail by Powrie et al. (2019)) in Table 1. Each
structure must meet serviceability limits on variable-load
deflection at the wire height under a 1 in 3 year wind load,
but not under a 1 in 50 wind load, when the structure needs to
meet only the ultimate limit state criterion (on the basis that
trains would not be running in these conditions).
The required pile lengths were determined using the

empirical equations given in UIC-ORE (1957), which are
summarised in the Appendix. As in the OLEMI implemen-
tation, the weight of the foundation and structure was
ignored (Nr = 0); as explained by Powrie et al. (2019), this
is a conservative simplification.

THE TEST SITE
The field tests were carried out on an embankment with a

typical slope angle of 35°, on the Network Rail High
Marnham test track near Boughton, Newark, UK
(Ordnance Survey National Grid reference SK 67666
67690). A typical cross-section through the embankment is
shown in Fig. 2.
To assess the geotechnical characteristics of the embank-

ment in situ, piezocone tests were carried out 6 months prior
to pile installation. At each test pile location, a 35·7 mm dia.
cone (projected area= 10 cm2) was pushed into the ground at
a rate of 20 mm/s to a depth of 10 m below ground level.
Profiles of piezocone end resistance, qc, sleeve friction
resistance, fs, friction ratio, Rf, pore water pressure, u, and
undrained shear strength, su, with depth (over the first 7 m of
embedment) are shown in Fig. 3. su was estimated from qc
using equation (1)

su ¼ qc � σv0ð Þ
Nk

ð1Þ

where σv0 is the total vertical stress and Nk is the empirical
cone factor. Nk was taken as 20, which is towards the upper

Fig. 1. Great Western electrification project OLE infrastructure at
Reading

Table 1. Characteristic (design or service) combinations of vertical
and across- or along-track loads (horizontal and moment) associated
with three types of Series 1 OLE structure (BH, 2015a, 2015b, 2015c)

Structure
type

Permanent
moment:
kNm

Variable
moment 1 in 3
year wind:

kNm

Variable
moment 1 in
50 year wind:

kNm

STC 14·9 60·2 87·5
TTC 68·9 92·3 135·9
XL-TTC 193·2 183·3 251·9
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end of the range for glacial clays of 14 to 22 given by Meigh
(1987). The su profiles were idealised as

su ¼ su;1 þ k1z for 0 � z � 2m ð2aÞ
and

su ¼ su;2 þ k2 z� z1ð Þ for 2 � z � 7m ð2bÞ
where su,1 and su,2 are the undrained shear strengths at the
top of the first and second soil layers, respectively; k1 and k2

are the undrained shear strength gradients of the first and
second soil layers, respectively; and z1 is the depth of the top
soil layer. These parameters were taken as su,1 = 0,
su,2 = 140 kPa, k1 = 70 kPa/m, k2 = 10 kPa/m and z1 = 2 m.
The resulting idealised su profile is shown in Fig. 3(e).
Adoption of the cone penetration test (CPT)-based soil

behaviour type classification system (Robertson et al., 1986;
Robertson, 1990, 2009, 2016) indicated that the soil
stratigraphy varies across the test site, with two predominant
soil types present: (a) medium-dense locally loose sand to
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Jack mounting bracket

Variable load
15·7 mm cable Load cell mounting bracket

Adjustable
bracket

Reaction frame
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kentledge

String potentiometer
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Fig. 2. Typical embankment cross-section and test arrangement. SAA, Shape accelerometer array
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silty sand; (b) medium-strength to high-strength sandy silt to
clayey silt. The piezocone tests showed no significant in situ
pore-water pressure, indicating that the water table was at
least 10 m below ground level.

Characterisation and index tests carried out in accordance
with BS 1377 (BSI, 2016) using density rings and fall cone
apparatus on the finer, predominant stratum identified it as a
‘firm to very stiff reddish brown clayey silt’. Triaxial testing
was carried out on samples recovered from 6 to 6·5 m below
ground level using an electromechanical displacement-
controlled triaxial frame and a standard triaxial cell.
Specimens were 38 mm in diameter and 76 mm high and
were locally instrumented with a single submersible linear
variable differential transducer (LVDT) to measure radial
strain. The specimen was saturated by increasing the
back-pressure and the cell pressure in parallel in accordance
with BS1377, until a B value of 0·96 was achieved. The
specimen was K0 consolidated (with the cell pressure

increased to maintain zero lateral strain as measured
using the radial instrumentation) to the estimated in situ
condition (K0 in the range 0·4–0·45). The specimen was
then subjected to undrained, strain-controlled shear to
failure. The critical state angle of shearing resistance,
relevant to the ultimate limit state of a laterally loaded
pile, was determined from data at the end of the shear test
when the specimen was continuing to deform at constant
stress ratio and specific volume, as ϕ′crit = 40°. The small-
strain shear modulus, measured using bender elements, was
Gvh = 60 MPa. Index test and in situ density data are
summarised in Table 2.

INSTALLATION OF TEST PILES AND
INSTRUMENTATION
Three 610� 10 mm CHS steel test piles were fabricated,

with design embedment lengths (derived from the OLEMI
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Fig. 3. Profiles of: (a) piezocone end resistance, qc; (b) sleeve friction resistance, fs; (c) friction ratio, Rf; (d) pore-water pressure, u; (e) undrained
shear strength, su
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method) of 3·16 m (STC), 4·33 m (TTC) and 6·23 m
(XL-TTC) with three 610� 16 mm CHS reaction piles, of
lengths 5·7 m (STC), 6·9 m (TTC) and 8·8 m (XL-TTC). All
piles had an additional upstand of 0·5 m above ground level
to facilitate disconnection of the pile driving head. Steel
grade BSS355J0 was used for all piles.
The test and reaction piles were driven to their design

depths by vibration and hammering, using a road–rail
vehicle mounted Movax high-frequency vibratory-type pile
driver to design or refusal depth. If refusal was encountered,
a Fambo hydraulic impact-type piling hammer was
employed to achieve the design depth.
The test piles were instrumented with removable SAAs to

measure pile deflections, from which p–y curves could be
derived. The SAAs comprised a chain of 200 mm long rigid
segments separated by flexible joints. Each segment con-
tained a three-axis micro-electromechanical system (MEMS)
accelerometer that measured segment tilt, enabling overall

deformations to be derived. SAAs were positioned on both
the compression and tension sides of the test piles, housed
within 27 mm dia. unplasticised polyvinyl chloride (uPVC)
conduit grouted into 60·3� 3·0 mmCHS tubes welded to the
inside face of the test piles (Fig. 4). Each SAAwas interfaced
using a field power unit. Data were sampled at a rate of 100
samples per second and averaged over a period of 10 s on a
field laptop using the software package SAARecorder, which
derived pile deformations in real time from the accelerometer
tilt measurements.
Determining pile deformations from SAA measurements

requires the absolute location of one point to be known. It is
often assumed that the pile toe remains fixed, but this is not a
suitable assumption for ‘short’ piles that deform primarily by
rigid body rotation about a point above the toe. A system was
therefore developed to extend the SAAs to a distance of
approximately 1 m below the pile toe to provide a fixed point
of reference for the device (Fig. 4(a)). A sacrificial (dummy)
steel cone (Fig. 4(b)), retained by O-ring seals, was inserted
into the toe end of the 60·3� 3 mm CHS SAA housing
(Fig. 4(a)), which had been tack-welded to the inside of the
CHS pile section along its full length, to prevent soil ingress
during pile driving. The dummy cones were fabricated to
accept a custom-made pushrod, which connected with a
standard 36 mm dia. CPT rod. Following piling, a road–rail
vehicle mounted CPT rig was used to drive the pushrod into
the SAA housing until it engaged with the dummy cone. The
dummy cone was then driven to a target embedment of 1 m
depth below the pile toe (0·82 to 1 m achieved), forming a
void within the soil to receive the SAA (Fig. 4(c)). The
pushrod was recovered and the void sleeved to prevent
infilling during adjacent pile installation works before SAA
uPVC tubular housings were installed to depth and grouted
into place.

Table 2. Properties of the firm to very stiff reddish brown clayey silt
within the embankment

Property Value

In situ bulk unit weight, γbulk 18·75 to 19·58 kN/m3

In situ water content, w 11·83 to 12·10%
In situ dry unit weight, γdry 16·09 to 17·16 kN/m3

Liquid limit, wLL 32%
Plastic limit, wPL 16·5%
Plasticity index, PI 15·5%
Critical state angle of

shearing resistance, ϕ′crit
40°

Small-strain shear modulus, Gvh 60 MPa

T20 reinforcement
bar (ballast)

Rope

SAA uPVC
tubular housings

60·3 × 3 mm CHS
SAA housing

Section A–A

AA

Tremie grout
placement pipes

36 mm ∅
CPT rods

Installed pile

Installed SAA uPVC
tubular housings

GL

TL

Dummy cone

(a) (b) (c) (d) (e) (f)

Fig. 4. Shape accelerometer array (SAA) installation
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After the SAA housings had been installed, they were filled
with predetermined volumes of Parex cable grout (TG108),
pumped into each housing using a diaphragm hand pump
(Fig. 4(d)). This grout was selected for its relatively low
viscosity, low shrinkage, high strength, high stiffness and
rapid hardening rate compared with traditionally adopted
grout mixes for borehole instrumentation. Preassembled
uPVC SAA conduit was then submerged into the grout
(Fig. 4(e)). Lengths of T20 reinforcement bar were lowered
into the conduit by a rope fastened to a lifting eye, to offset
the buoyancy effects of submergence in fresh grout. The
grout rapidly hardened (with minimum shrinkage), effec-
tively coupling the SAA housing and thereby the SAAwith
the pile (Fig. 4(e)). This SAA installation methodwas trialled
in the laboratory before deployment in the field and is
illustrated in Fig. 4.

A string potentiometer was used to measure the lateral
deflections at the pile head level (0·5 m above ground
level) during loading, providing verification of the SAA
measurements. The sensor was a Measurements Specialities
SP-1-50 with an accuracy of ±0·25%, quasi-infinite resol-
ution (determined by the data logger) and a stroke of
1·270 m. The string potentiometer was mounted on hori-
zontal scaffolding tubes supported by vertical posts, driven
into the soil at a distance of 3·5 pile diameters (2·135 m) from
the centre of the test pile to ensure the sensor remained
remote from any pile movement.

SEQUENCE OF TESTING
The tests were designed to determine both the deflection of

the foundation at working loads and the ultimate foundation
capacity. Further benefits would include data on pile defor-
mation mechanisms at various stages of loading, and on the
development of the pressure–displacement (p–y) relationships
at various depths. The loading schedule was specified
in accordance with BS EN 61773: 1997, IEC 61773: 1996
Overhead lines – testing of foundations for structures
(BSI, 1997), and comprised three distinct stages, as described
below.

(a) Stage 1: (100% permanent load) + (0 to 100% of the
variable load associated with a 1 in 3 year wind), with a
full loading–unloading cycle to measure any permanent
set of the foundation.

(b) Stage 2: (100% permanent load) + (0 to 100% of the
variable load associated with a 1 in 50 year wind).

(c) Stage 3: (100% permanent load) + (an increase in the
variable load until the full capacity of the foundation
(onset of failure) was reached).

Within each stage, the loads were applied in discrete steps.
Permanent (vertical) loads were applied using a hanging
kentledge from a boom attached to the test structure (Fig. 2).

A 1 m3 water bowser was used as kentledge for the STC test,
and steel weights for the TTC and XL-TTC tests. The test
arrangement is shown in Fig. 2 and the loading arrangement
is summarised in Table 3.
Variable (lateral) loading was applied incrementally using

a single-acting spring-loaded return monostrand jack (of 10 t
capacity for stages 1 and 2, and 25 t capacity for stage 3),
energised by a hand pump. The jack reacted against a
mounting bracket at the top of the reaction frame through a
circular plate, centring washer and access tripod. The jacking
load was transferred to the test piles by way of a 15·7 mm,
seven-strand pre-stressing cable with a guaranteed ultimate
tensile strength of 279 kN. The cable passed through a
spring-loaded collet housed within the access tripod; the
collet was tightened to hold the cable and maintain the load
during resetting or swapping the jacks. The cable passed
through a load cell mounting bracket (made from
200 mm� 300 mm rectangular hollow-section steel)
positioned at the top of the loading frame, a circular plate,
a pancake load cell and a spring-loaded collet. This collet
was tightened onto the cable throughout the load appli-
cation, reacting against the load cell mounting bracket
through the load cell and circular plate.
The load was kept constant at the end of each load step,

until the rate of pile movement was less than 0·2 mm/min.
Failure was considered to have occurred if the pile movement
remained in excess of 0·2 mm/min for more than 3 min (i.e. if
the pile had not stabilised within 3 min of increasing the
load), as specified in BS EN 61773 (BSI, 1997).

RESULTS AND DISCUSSION
Pile moment–displacement measurements
The pile moment–displacement responses for each test

pile are shown in Fig. 5. The load is expressed in terms
of moment at ground level, MGL, and includes both the
permanent and variable load components. Permanent loads
applied to the test piles were 14·9 kNm (STC), 68·9 kNm
(TTC) and 193·2 kNm (XL-TTC).
Displacements at ground level and moments associated

with (a) the permanent load, plus (b) the 1 in 3 year wind
load and (c) the 1 in 50 year wind load, as well as (d ) the
onset of failure are summarised in Table 4.

Figure 6 shows the deflected shape of each test pile, as
measured by the SAAs, at the 1 in 3 year wind load, 1 in 50
year wind load and onset of failure. Pile deflections and
rotations increase with increasing applied moment, as would
be expected. The STC pile is effectively ‘short’, deforming at
all load stages primarily by rigid body rotation with relatively
little bending. The point of rotation of the pile moves
gradually upward as the moment is increased. The TTC pile
shows much less movement of the toe during the first two
stages of loading, and generally more noticeable bending
deflections. The XL-TTC is ‘long’; in the first two stages of
loading, deflection is mainly by bending, with the toe of the

Table 3. Loading arrangement

Structure type Permanent (vertical) load Variable (horizontal) load

Eccentricity
of load frame
boom: m

Load
frame
boom: kN

Eccentricity
of kentledge:
m

Kentledge:
kN

Height of action
of lateral load above
ground level: m

Lateral load
1 in 3 year
wind: kN

Lateral load
1 in 50 year
wind: kN

STC 1·824 1·66 3·599 3·28 4·584 13·13 19·09
TTC 2·0 3·37 3·647 17·05 5·584 16·53 24·34
XL-TTC 2·0 3·37 3·647 51·13 5·672 32·32 44·41
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pile remaining fixed in terms of both rotation and deflection.
However, at the maximum load, the XL-TTC pile shows
significant rotation about a point some 4·5 m below ground
level, with bending deflections superimposed.

Pile moment capacity
Figure 7 shows the moment–deflection response for all

three piles, expressed as a percentage of the OLEMI design
load. The STC, TTC and XL-TTC piles reached ultimate
capacities of 2·19, 2·32 and 2·22 times the OLEMI design or
characteristic load (1 in 50 year wind load), respectively.
The moment–displacement plots indicate up to about 2·7

(STC), 4·5 (TTC) and 6·6 mm (XL-TTC) of irrecoverable
lateral pile head displacement at the 1 in 3 year wind load on
first loading, with essentially elastic (recoverable) behaviour
on unloading from and reloading to this point. The

increments of pile head rotation and lateral deflection on
first reaching the 1 in 3 year wind load (excluding the
permanent load component) would translate to across track
wire height (5·2 m above pile head) deflections of 13·5 (STC),
14·4 (TTC) and 30 mm (XL-TTC), which are less than the
limit of 50 mm specified in Network Rail standard
NR/SP/ELP/27215 (Network Rail, 2004). On the one
hand, the calculated deflection does not include the effect
of the deformation of the above-ground structure, but on the
other hand it does include some irrecoverable foundation
displacement from first loading that could be compensated
for by re-setting the catenary. It therefore seems likely that the
OLEMI approach would satisfy the serviceability limit state
requirement for all three structures, with a lumped factor of
about 2·19 on the total load.
Eurocode 7 requires partial factors of 1·3 on unfavourable

variable loads and 1·25 (for tanϕ′) or 1·4 (for su) on soil
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Fig. 5. Pile moment–displacement response: (a) single-track cantilever (STC); (b) twin-track cantilever (TTC); (c) extra-long twin-track
cantilever (XL-TTC)

Table 4. Displacements at ground level and moments associated with (a) the permanent load, (b) plus the 1 in 3 year wind load, and (c) the 1 in 50
year wind load, and (d) the onset of failure

Test pile Permanent load 1 in 3 year wind 1 in 50 year wind Onset of failure

Moment:
kNm

Displacement
at ground
level: mm

Moment:
kNm

Displacement
at ground
level: mm

Moment:
kNm

Displacement
at ground
level: mm

Moment:
kNm

Displacement
at ground
level: mm

STC 14·9 0·4 75·1 4·4 102·4 7·0 224·6 34·6
TTC 68·9 2·1 161·2 5·4 204·8 7·4 474·7 38·9
XL-TTC 193·2 3·9 376·5 11·5 445·1 14·5 990·0 53·6
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strength (in combination 2, which normally governs the
geotechnical design of laterally loaded pile foundations of
this type (Powrie et al., 2019)) in ultimate limit state
calculations. These equate to a lumped factor of up to 1·82
in a total stress (undrained shear strength) analysis, depend-
ing on the relative proportions of permanent and variable
load. It is not possible to quantify a corresponding equivalent
lumped parameter for an effective stress analysis, owing to
the non-linear variation in pile moment capacity with the
strength parameter ϕ′. However, in the present case, the
foundations are primarily in clay and the response to wind
loading events would be expected to be essentially undrained,
so analysis may proceed on that basis.

Given the failure load, the equivalent Eurocode 7
characteristic load for each of the foundation piles may be
calculated as (the permanent load – 1·4) plus (the variable
load at failure – 1·82), giving values of 126·6 kNm,
271·5 kNm and 576·6 kNm for the STC, TTC and
XL-TTC, respectively. These are between 24 and 29%
greater than the OLEMI design loads, with the degree of
excess increasing with the size of the structure and the pile
length. The associated wire height deflections in the field

tests, measured from a datum associated with the equivalent
Eurocode 7 characteristic permanent load (1/1·4 or 71·4%
of the actual), were 28·4 mm for the STC, 30·7 mm for
the TTC and 61·9 mm for the XL-TTC. As before, the
calculated wire height deflections do not account for the
deformation of the above-ground structure but do include
some irrecoverable movement that could be re-set. Hence the
results suggest that the partial factors specified in Eurocode 7
for a total stress limit equilibrium calculation based on an
undrained shear strength would be sufficient to meet
serviceability limit state requirements for the STC and the
TTC. This might not be the case for the XL-TTC, whose
semi-normalised load–deflection response was rather softer
than that of the two smaller structures (Fig. 7). Even
neglecting above-ground structural deflection, the equivalent
wire height displacement for the XL-TTC on first loading to
the Eurocode 7 characteristic load (29% greater than the
OLEMI design load) was about 40% greater than the
specified serviceability limit.

p–y analyses
A fourth-order polynomial spline (Georgiadis et al., 1992;

Smethurst & Powrie, 2007) was fitted to the lateral pile
displacement profiles measured by the tension side SAAs at
each load step. (Although the data from the SAAs in each
pile were similar, those from the tension side device were less
noisy, especially at lower loads.) Fig. 8 shows the results of
this fitting method at the 1 in 3 year wind load for each pile.
The splines were differentiated four times to derive the net
lateral soil resistance per unit length of pile, p

S ¼ dy
dx

ð3Þ

M ¼ EpIp
dS
dx

¼ EpIp
d2y
dx2

ð4Þ

V ¼ dM
dx

¼ EpIp
d3y
dx3

ð5Þ

–0·5

0

0·5

1·0

1·5

2·0

2·5

3·0

3·5

4·0

4·5

5·0

5·5

6·0

6·5

7·0

–30 –20 –10 0 10 20

(a) (b) (c)

30 40 50 60 70
Lateral displacement, y: mm

SAA (compression side) SAA (tension side)

1 in 3 year
wind  

1 in 50 year
wind

Onset of
failure 

TL

GL
–0·5

0

0·5

1·0

1·5

2·0

2·5

3·0

3·5

4·0

4·5

5·0

5·5

6·0

6·5

7·0

–30 –20 –10 0 10 20 30 40 50 60 70
Lateral displacement, y: mm

SAA (compression side) SAA (tension side)

GL

1 in 3 year
wind  

1 in 50 year
wind

Onset of
failure

TL

–0·5

0

0·5

1·0

1·5

2·0

2·5

3·0

3·5

4·0

4·5

5·0

5·5

6·0

6·5

7·0

–30 –20 –10 0 10 20 30 40 50 60 70
Lateral displacement, y: mm

SAA (compression side) SAA (tension side)

GL

1 in 3 year
wind  

1 in 50 year
wind

Onset of
failure

TL

D
ep

th
, z

: m

D
ep

th
, z

: m

D
ep

th
, z

: m

Fig. 6. Pile deflected shape: (a) STC; (b) TTC; (c) XL-TTC

0

0·5

1·0

1·5

2·0

2·5

0 10 20 30 40 50 60
Displacement at ground level: mm

STC TTC XL-TTC

1 in 3 year wind

1 in 50 year wind

×O
LE

M
I d

es
ig

n 
lo

ad

Fig. 7. Pile moment capacity expressed in terms of OLEMI design
load

RICHARDS, POWRIE AND BLAKE8

Downloaded by [] on [15/06/22]. Published with permission by the ICE under the CC-BY license 



p ¼ dV
dx

¼ EpIp
d4y
dx4

ð6Þ

where y is the lateral pile displacement; S is the pile slope; M
is the bending moment; V is the shear force; x is the distance
along the pile; and EpIp is the pile stiffness, which was
292·4� 103 kN/m2 (including the diametrically opposite
60·3� 3 mm steel CHS SAA housings located on both the
tension and compression sides of each pile).
p–y curves produced using the net lateral soil resistance

derived from equation (6) and lateral pile displacements
measured by the tension side SAAs above and below the
pivot point are shown in Figs 9 and 10, respectively. As would
be expected, the p–y curves exhibit a non-linear soil response
(i.e. the stiffness reduces with increasing strain), and the
stiffness at a given strain increases with depth. In addition,
the p–y curves representing soil below the pile pivot point
show a much stiffer response than those located above it. The
pivot points developed and moved upwards as the loads were
increased, and at the 1 in 3 year wind load were �2·3 m,
�3·3 m and �4·3 m below ground level for the STC, TTC
and XL-TTC piles, respectively.
Although within each group (above and below the pivot)

the p–y curves are similar in shape and the increase in
stiffness with depth is monotonic, it has not as yet
been possible to identify a simple normalisation that would
bring all the datawithin each group onto a single spine curve.

The API method for constructing p–y curves in soils
characterised by an undrained shear strength (API, 2014)
uses equations established byMatlock (1970) to calculate the
net ultimate lateral soil resistance per unit length of pile, pu,
and the ‘critical’ displacement, yc, at which 50% of this is
mobilised

pu ¼ min
3suDþ σ′vDþ Jzsu

9suD

� �
ð7Þ

yc ¼ 2�5ε50D ð8Þ
where su is the undrained shear strength; D is the pile
diameter; σv′ is the vertical effective stress; J is an empirical
depth factor; z is the depth below ground level; and ε50 is the
strain at 50% of the maximum stress.
The undrained API method generates p–y curves for

short-term quasi-static loading using the ‘look-up table’ of
data of p/pu as a function of y/yc given in Table 5.
The undrained API method was implemented here using

the web-based application ‘Lateral analysis of piles’ (LAP;
Doherty, 2017). The idealised undrained shear strength profile
defined by equations (2a) and (2b) was adopted in the
analyses, with γbulk = 19 kN/m3, J=0·5 and ε50= 0·01, all of
which are representative of a firm clay. Results obtained using
the undrained API method are shown alongside those from
the spline curve fits to the SAA data at the 1 in 3 year wind
load for all three piles in Fig. 8.
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Agreement between the two methods is generally good,
especially for the single-track and twin-track cantilevers.
Agreement tends to decrease with increasing pile length, and
better for the bending moment and shear force than for the
displacement and net soil resistance. Theworst (and only really
poor) fit is for the net lateral soil resistance and the XL-TTC,
which according to the API analysis increases to a sharp peak
of about 96 kN/m at 2 m depth compared with a much more
rounded peak of 58 kN/m at a slightly greater depth from the
SAA data. Below 2 m depth, the API curve is convex upwards
rather than convex downwards for the SAA, with net
resistances at the toe of about 63 kN/m and 155 kN/m,
respectively. This is probably associated with the underestima-
tion of the rotational component of deformation of the
XL-TTC by the API approach, which gives a pivot about
3·3 mbelow ground level rather than about 4·5 masmeasured;
and illustrates the sensitivity of the calculated net pressure to
apparently small changes in relative pile displacement.

CONCLUSIONS
A series of load tests has been carried out on full-scale piles

for railway OLE designed using the empirical OLEMI
approach (a derivative of the UIC-ORE method). Three
separate piles were installed, designed for different Series 1
OLE support structures; a single-track cantilever (STC), a
twin-track cantilever (TTC) and an extra-long large twin-
track cantilever (XL-TTC). The tests featured advanced load
application and displacement measurement systems, and
determined pile deflections under characteristic loads associ-
ated with 1 in 3 and 1 in 50 year winds and the ultimate pile
capacity, together with the deflected pile shapes.

Displacements at ground level varied between 4·4 mm and
11·5 mm under 1 in 3 year wind loading, and between 7 mm
and 14·5 mm under 1 in 50 year wind loading. Total peak
loads achieved before failure of the soil were 224·6 kNm for
the STC pile, 474·7 kNm for the TTC and 990 kNm for the
XL-TTC. These correspond reasonably consistently to 2·2
times the OLEMI design (characteristic) load in each case.
The STC and TTC foundation piles were essentially

‘short’, in that they exhibited primarily rotation deformation
(with some bending superimposed) at all stages of the load
test. The degree of rotation and bending increased, and the
point of pile rotation moved upward, with increasing applied
load. The XL-TTC foundation pile deformed primarily in
bending with the toe of the pile remaining effectively fixed up
to the maximum characteristic load (1 in 50 year wind),
although by failure, rigid body rotation about a point above
the toe had also occurred.
The tests have demonstrated the suitability of the OLEMI

approach, which gave a consistent equivalent lumped factor
on characteristic load of about 2·2, for the large loads
associated with the Series 1 OLE. At the OLEMI character-
istic load, the wire height deflections of all three structures
would have been within the serviceability limit of 50 mm
specified in the relevant current Network Rail standard. The
tests also confirmed the likely adequacy of the (less
conservative) Eurocode 7 partial factors of 1·3 on variable
load and 1·4 on undrained shear strength in a total stress limit
equilibrium calculation, at least for the standard (STC and
TTC) structures.
p–y curves inferred from the experimental data of

displacements by fitting and differentiating fourth-order
polynomial splines to the lateral pile displacement profiles
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Fig. 9. p–y curves above pivot point for (a) STC; (b) TTC; (c) XL-TTC
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measured by the SAAs showed consistency in shape at
different depths, either above or below the current pivot.
However, a suitable normalisation process has not yet been
identified.
The distributions with depth of pile lateral displacement,

bending moment, shear force and net lateral load obtained
by manipulating the splines fitted to the SAA profiles were
reasonably close to those calculated using the API method
for piles in clay soils. Agreement became less close with
increasing pile length (STC.TTC.XL-TTC) and was
better for the bending moment and shear force than for the
displacement and net soil resistance. The only really poor fit
was for the net lateral soil resistance and the XL-TTC –
probably as a result of the underestimation by the API
approach of the pile rotation at depth, combined with the
sensitivity of the calculated net pressure to changes in pile
displacement.
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APPENDIX. OLEMI DESIGN METHODOLOGY

MB ¼ Mrð Þp 1� Epð Þ ð9Þ

Mrð Þp ¼ K ′′1eNr þ K ′′2Δbh3 ð10Þ

K ′′1 ¼ 0�5136 � 0�175
0�54þ ðb=eÞ

� �
ð11Þ

K ′′2 ¼ 2�8 � 96�5
68�5þ 3�375 ðNrÞ=10 Δb e a½ �3

( )

� 1þ 0�45ðe=bÞ½ � ð12Þ
where MB is the ‘moment limit’ at ground level; h is the embedded
depth of the foundation block (interpreted as the total, i.e. including
any ineffective or unconsolidated depth, h′); e is the dimension of the
block, viewed on plan, parallel to the overturning force; b is the
dimension of the block, viewed on plan, perpendicular to the
overturning force; a is the smaller of the two dimensions, e and b; Nr
is the total vertical load (the weight of the block, the mast and

Table 5. API p–y data for short-term static loading in soil
characterised by an undrained shear strength, from API (2014)

p/pu 0 0·23 0·33 0·5 0·72 1 1
y/yc 0 0·1 0·3 1 3 8 ∞
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equipment); Δ is the ‘specific weight’ of the soil, ‘specific weight’
being the term used in UIC-ORE (1957) with the units given as
kg/m3; (1�Ep) is a correction factor to allow for a depth h′ of
replaced, unconsolidated or otherwise ineffective soil at the surface
of the foundation, and may be calculated using equation (5)

1� Epð Þ ¼ 3�44 1þ h′
h

� �3
" #

� 2�44�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ h′

h

� �2
" #3

vuut ð13Þ

For a foundation whose cross-section is circular with diameter D,
e= b= a=0·8D.

The full-scale field tests (UIC-ORE, 1957) led to a final equation
of the form

Mult ¼ 27�45 K MBð Þ2=3 ð14Þ
whereMult in decaNewton-metres (daNm) is the limiting or ultimate
moment of resistance of the foundation, measured at ground level,
and K is a numerical multiplier (‘K factor’) that accounts for the
slope of the ground and the degree of support from the track (values
given in Table 6). MB is in daNm. i is the distance from the track to
the foundation (it is not clear how this is measured, e.g. from
centreline to centreline, of from the nearest rail). The numerical
constant 27·45 in equation (6) has units of (daNm)1/3. WithMult and
MB in kNm, the constant becomes numerically equal to 5·194 and
has units of (kNm)1/3. The allowable or design value of moment at
ground level,MGL, is obtained by dividing the value ofMult given by
equation (6) by a factor of 3. In the OLEMI approach, the weight of
the foundation and structure is ignored (Nr = 0), leading to more
conservative designs.

NOTATION
B Skempton pore-water pressure parameter B value in

triaxial test
D pile diameter

EpIp pile stiffness
fs sleeve friction resistance

Gvh small-strain shear modulus
J an empirical depth factor
K ORE terrain factor
K0 in situ pressure coefficient
k1 shear strength gradient of first soil layer
k2 shear strength gradient of second soil layer
M bending moment

MB ORE moment limit at ground level
MGL cross-track moment at ground level
Mult ORE ultimate moment of resistance at ground level (daNm)
Nk empirical cone factor
Nr ORE total vertical load on foundation
p net lateral soil resistance per unit length of pile
pu net ultimate lateral soil resistance per unit length of pile
qc piezocone end resistance
Rf friction ratio
S pile slope
su undrained shear strength

su,1 undrained shear strength at top of first soil layer
su,2 undrained shear strength at top of second soil layer
u pore-water pressure
V shear force

w in situ water content
wLL liquid limit
wPL plastic limit

x distance along pile
y lateral displacement
yc displacement at 50% of maximum stress
z depth below ground level
z1 depth below ground level to top of second soil layer

γbulk in situ bulk unit weight
γdry in situ dry unit weight
ε50 strain at 50% of maximum stress
σv′ vertical effective stress
σv0 total vertical stress
ϕ′crit critical state angle of shearing resistance
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