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Full-scale horizontal pile tests in a residual dolomite profile
Essais en vraie grandeur de pieux sous charge horizontale dans des sols dolomitiques résiduels
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ABSTRACT
A series of horizontal pile load tests was carried out on instrumented bored piles to back-calculate parameters for the analysis of the
foundations of a 3km long railway viaduct founded on a very heterogeneous residual dolomite profile. The test arrangement and
analysis of the results are described. The mass-stiffness of the residual profile was found to be much stiffer than traditionally assumed
for a residual dolomite profile which enabled a less conservative, and hence, more economical foundation design to be adopted.
RÉSUMÉ
Une série d'essais de pieux sous charge horizontale a été exécutée sur des pieux forés instrumentés afin de calculer à rebours les
paramètres pour l'analyse des fondations d'un viaduc ferroviaire de 3km de long, fondé sur des sols dolomitiques très hétérogènes. Le
dispositif expérimental et l'analyse des résultats sont décrits. La raideur de la masse de sol résiduel a été trouvée bien supérieure à ce
qui est traditionnellement admis pour les sols dolomitiques, ce qui a permis de dimensionner les fondations d'une manière moins
conservative, donc plus économique.
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INTRODUCTION

The Gautrain Rapid Rail Link is currently under construction
between the cities of Johannesburg and Pretoria. The area to the
south of Pretoria is underlain by a residual dolomite profile of
extremely heterogeneous nature. Near the surface the soil
profile comprises chert gravels and boulders in a matrix of silty
fine sand with a generally dense to very dense consistency.
This overlies a zone of Weathered Altered Dolomite (WAD)
comprising a silty low-density material of high erodibility,
frequently containing disseminated voids. The WAD is
underlain by an extremely irregular dolomite bedrock profile
characterised by pinnacles, deep gullies and cavities.
In this area the railway line is supported on a viaduct with
spans of generally between 40m and 50m. Due to the
construction difficulties foreseen in founding end-bearing piles
into the very hard, potentially steeply sloping and irregular
dolomite bedrock surface, it was decided to found the viaduct
piers, where possible, on “floating” foundations bearing in the
residual dolomitic profile. Large spread footings and piled raft
foundations were identified as the most suitable founding
solutions.
The stiffness of residual dolomitic materials has traditionally
been assumed to be low. The available database of stiffnesses
was generally derived from plate load tests and laboratory tests
(e.g. Wagener, 1982).
Given the traditionally assumed
stiffnesses, “floating” foundations would not be viable. It was
recognised that these parameters may be overly conservative to
be used in economical designs. Uncertainty existed especially
with regard to a representative modulus of subgrade reaction to
be used for the design of horizontally loaded piles. It was
therefore decided to carry out a series of full-scale horizontal
pile load tests using instrumented piles.
This paper describes the horizontal pile load tests, the results
obtained, as well as the analysis thereof to derive stiffness
parameters that were used in the design of the viaduct
foundations.
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PILE TEST ARRANGEMENT

Pile tests were carried out near two viaduct pier locations. The
testing comprised carrying out three horizontal pile load tests at
Site 1 during which two pairs of piles were jacked apart. Two
tests were carried out at Site 2. The test pile arrangement is
illustrated in Figure 1.
3m

Pile B

Pile A
4.8m

Inclinometer
tube

Pile C

Pile D

Ground surface
Horizontal
jack

2m excavation to
expose pile heads

Figure 1. Test pile layout.

The diameter of the down-the-hole percussion hammer used
for the drilling of the boreholes during pile installation was
444mm. The instrumented reinforcement cages, comprising a
350mm diameter 8mm thick mild steel helix with a 100mm
pitch and eight 25mm high tensile steel bars as vertical
reinforcement, were lowered into the boreholes and the holes
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3

GROUND CONDITIONS

One percussion borehole was drilled at each pile location and
logged prior to the installation of the instrumented piles. All
test piles were installed in the dolomite residuum, generally
comprising clayey silty wad with highly weathered chert gravels
and boulders in highly variable proportion. Variation was
encountered from borehole to borehole due to the heterogeneous
nature of the dolomite residuum. No water strikes were
recorded.
4

increments) the next morning. During unloading each load was
only applied for 10 minutes.
The inclinometers were read after every load application and
all other instrumentation was logged continuously with the aid
of a data logger.
6 PILE LOAD-DEFLECTION RESULTS
Figure 3 presents the pile load-deflection curves for one pile
(Pile C, Figure 1) measured at the point of load application
during the three load cycles. During the first load cycle of the
first test a maximum of only 76kN was applied to Piles C and D
(see Figure 1) as loading was controlled using the jack pressure
and not the load cell. In subsequent tests the load was
controlled by monitoring the load cell directly, resulting in more
reliable load application. Some creep under constant load is
evident in the load-deflection curves.
300
Pile deflection (mm)

were grouted from the bottom using grout with a seven day
strength of 30MPa. Grout rather than conventional concrete
was selected to minimise damage to the instrumentation.
During grouting of the piles, records of volume of grout placed
against the corresponding rise in grout level enabled the actual
pile diameter to be estimated. It was found that a diameter of
500mm more closely approximated the actual pile cross section,
accounting for some over-break during drilling.

PILE INSTRUMENTATION

The piles for the horizontal load tests were equipped with
inclinometer tubes to enable the deflected pile profiles to be
measured during load application. In addition, vibrating wire
concrete embedment strain gauge pairs were installed at various
depths to enable strains to be measured during the tests. The
instrumentation layout in the horizontally loaded piles is
illustrated in Figure 2.
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Figure 3. Load deflection results.
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During the first load cycle, a near perfect elastic response
was observed, with practically all movement recovered during
unloading. In the case of Piles A, B and D the responses were
less linear. During further loading above 100kN, the slope of
the load deflection curve changed, with hysteresis during
unloading, indicative of the gradual formation of cracks in the
pile and in-elastic compression of the ground.
In the case illustrated in Figure 3, the downward “spike” at
maximum load is the result of gradual reduction of loading due
to creep overnight. The load was corrected and the pile was left
for two hours before unloading.
7
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Figure 2. Instrumentation in horizontally loaded test piles.
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TEST SEQUENCE

The test piles were horizontally loaded while monitoring and
recording strain gauge data, applied load and lateral deflection
on both piles using the inclinometers. The jacking load was
applied about 500mm above ground surface (see Figure 1).
The following loads were applied in 25% load increments.
•
0 – 100kN, unload to 0kN
•
0 – 200kN, unload to 0kN
•
0 – 300kN, unload to 0kN
Each incremental load was applied until the measured
horizontal movement at the point of load application was less
than 0.1mm over a period of 30 minutes. The maximum load
was kept constant overnight before unloading (also in 25%

INCLINOMETER RESULTS

Using the inclinometer data, the deflected shape of the piles
were determined after application of each load increment. The
limited accuracy of this data resulted in some difficulty in backcalculating parameters from the pile deflection data where
successive differentiation of the data is required.
The inclinometer data was used to determine the location of
the maximum bending moment in the pile, to estimate the
magnitude of the moment for comparison with strain gauge data
and to back calculate the modulus of subgrade reaction against
the pile shafts during jacking of the piles.
7.1

Lateral pile deflection

Figure 4 presents the deflected pile profiles during the load
testing of Pile B (see Figure 1). The pile only deflected near the
surface and the deflection soon attenuated to zero. Small
apparent deflections at depth are a consequence of the limited
accuracy of the instrumentation and do not represent actual pile
movement.
The deflected pile profiles were analysed using the method
proposed by Lin and Liao (2006) to determine the location at
which the maximum bending moment occurred, as well as to
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Figure 4. Lateral deflection of Pile B at different horizontal loads.

Figure 5 presents the deflected pile profile and the bending
moment calculated from it. The bending moment is clearly
defined where the curvature is substantial, i.e. near the top of
the pile. The “sinusoidal” fluctuations in the bending moment
towards the bottom of the pile are the result of small variations
in the pile shape which are approaching the limit of what the
inclinometer can measure accurately and do not represent actual
bending moments. The apparent bending moment near the top
of the pile is the result of inaccurate inclinometer readings over
the top 1m of the pile where the length of the probe lead is
short, resulting in some movements attributable to the
inclinometer operator.
An “adjusted” bending moment
distribution on the pile, in which these anomalies have been
removed, is indicated in the figure.
The point of maximum moment did not appear to change
with increasing horizontal load. This is consistent with a
system where the stiffness of the pile and that of the ground
remains essentially constant over the full load range. The
maximum moment was located at shallow depth which indicates
that the ground was stiff in relation to the pile. In nearly all test
piles, the point of maximum moment occurred at approximately
0.6m below the ground surface, i.e. approximately 1.1m below
the point of load application.
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Figure 5. Deflected pile profile and bending moment.

A Cesaro sum approximates a Fourier series and has the
advantage that it remains stable during differentiation. During
differentiation, a Fourier series expansion can become ill-posed.
1

Determination of the modulus of subgrade reaction
against the pile shaft

For the analysis of the viaduct the structural engineers
required an indication of the values of the modulus of
subgrade reaction against the pile shafts. The deflected pile
profiles from the inclinometer readings were used to backcalculate subgrade reaction moduli (in MPa/m ≡ kN/m3) from
the horizontal load test results. This was accomplished by
comparing the observed deflected profiles to the results from a
simple beam-spring analysis. The following properties were
assigned to the piles:
•
Length = 17m
•
Spring spacing for beam-spring analysis = 0.5m
•
Diameter = 500mm.
•
Youngs modulus E = 30GPa
•
Poission’s ratio = 0.3
An appropriate value of the modulus of subgrade reaction (in
MPa/m) was determined by first selecting a trial value,
converting it to an equivalent spring stiffness (in kN/m), taking
into account the spring spacing and pile diameter and then
carrying out a beam-spring analysis to compute the deflected
pile profile for a given horizontal load. The computed pile
profile was then compared to the observed profile and the
modulus of subgrade adjusted to find a value resulting in the
“best fit” to the observed profile. Figure 6 presents the
calculated pile deflection profiles for subgrade reaction moduli
of respectively 100, 200 and 300 MPa/m. It also shows the
deflection of Pile B under a load of 100kN. It appears that the
deflected profile of Pile B under this load is best matched by the
deflected shape calculated using a subgrade reaction modulus of
300MPa/m. The subgrade reaction moduli providing best fits to
the deflection of the four piles tested at the first test site were
100, 300, 200 and 300MPa/m for piles A, B, C and D
respectively.
7
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Figure 6. Deflected pile profiles for various subgrade reaction moduli
compared to deflection of Pile B under 100kN
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obtain an indication of the bending moment for comparison
with back-calculated moments from the strain gauge data. In
brief, the method comprises the following steps:
•
Approximate the deflected shape of the pile using a Cesaro
sum1 expansion, a variant of the Fourier series expansion.
•
Using expressions for the derivatives of the Cesaro sum,
find an expression for the curvature of the pile, i.e. the
second derivative of the pile shape function. This can be
multiplied by the section modulus, EI, to determine an
estimate of the bending moment distribution acting on the
pile.

7.3

Determination of the Young’s modulus against the pile
shaft at 100kN – Elastic analysis

The inclinometer and strain gauge data showed the piles to
behave elastically during the application of a horizontal load of
100kN with complete rebound during unloading (see e.g. pile
deflection data in Figure 3). Between 100kN and 200kN the
strain gauge data showed the piles to crack and the behaviour of
the ground became in-elastic, resulting in hysteresis during
rebound.
To back calculate the Young’s modulus (E) of the ground
around the pile shaft (assuming elastic conditions), a simple
linear elastic 3D finite element model was analysed in which the
soil stiffness was adjusted until the calculated pile deflection
profile matched the observed behaviour. The finite element
mesh extended to a depth of 20m, 5m below the pile toe. It
extended laterally to 10m from the pile in all directions.
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Figure 7. Comparison between pile deflection profiles determined from
beam-spring en 3D finite element analysis.

7.4

Back analysis of 200kN and 300kN load cases – cracked
pile analysis

The strain gauge data indicates that cracks formed in the pile
concrete as the load was increased to 200kN. In back
calculating parameters from the subsequent data, the reduction
in pile bending stiffness had to be taken into account.
According to the Ciria report by Gaba et al. (2003), a section
modulus (EI) of piles subjected to lateral load should be reduced
by 50% for design purposes over the long term to account for
cracking. A crack depth analysis was carried out according to
BS8110, the British Standard for the design of reinforced and
prestressed concrete structures, assuming no tensile stress in the
concrete, to determine the reduced section modulus associated
with the formation of the crack. For the pile geometry
presented in this paper, a crack depth of 353mm was calculated.
This reduced the second moment of area of the 500mm pile to
44% of its original value (still calculated with respect to the
centreline of the pile cross section). This is in reasonable
agreement with the 50% reduction recommended by Ciria.
The section modulus of the piles were subsequently reduced
to 50% of the uncracked value for the back analysis of data
during the 200kN and 300kN load steps. This reduction in
stiffness was applied over a length of 2m below the point load
application. This corresponds with the zone where significant
bending moments occurred (see Figure 5).
Except for reducing the section modulus of the pile (EI) by
50% over the top 2m below the point of load application, the
analysis of the cracked pile was identical to the uncracked pile.
Figure 8 presents the deflected pile profiles calculated using
various subgrade reaction moduli under a horizontal load of
200kN. It also shows the measure deflection profile on Pile C
at 200kN. It appears that the observed pile deflection is best
matched by a modulus of subgrade reaction of between
200MPa/m and 300 MPa/m which corresponds well with the

modulus of 200MPa/m calculated previously (see Section 7.2).
Moduli of subgrade reaction back-calculated for the various
piles at all three loads (100kN, 200kN and 300kN) using the
procedure described here were found to remain essentially
unchanged, with applied load.
14
Lateral displacement (mm)

The deflected pile profiles calculated from the finite element
analyses are compared to the profiles calculated from the beamspring analysis in Figure 7. From the figure is appears
reasonable in this case to assume the Young’s modulus to be
equal in magnitude to the modulus of subgrade reaction, e.g. the
deflection profile determined from a modulus of subgrade
reaction of 200MPa/m corresponds very well with the FE result
based on a stiffness of 200MPa.
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Figure 8. Deflected pile profiles for various subgrade reaction moduli
compared to deflection of Pile C under 200kN.
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CONCLUSIONS

The following conclusions are presented:
•
The observed pile deflections showed the stiffness of the
residual dolomite profile to be considerably higher than
traditionally assumed. The reason is that, in the case of the
pile tests, the small-strain stiffness of the ground plays a
significant role, whereas, in the case of plate load tests,
much higher strains and hence lower soil stiffnesses
control behaviour. Designs based on plate load results in
which small strain stiffness is not recognised, are therefore
likely to be very conservative and less economical.
•
The moduli of subgrade reaction calculated for cracked and
uncracked piles were of similar magnitude.
•
The calculated modulus of subgrade reaction against the
pile shaft was found to remain approximately constant with
increasing load.
•
For the pile geometry analysed, the values of the modulus
of subgrade reaction and the Youngs modulus can be taken
as numerically equal, despite the difference in units.
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