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ABSTRACT: This paper presents the results of a full-scale field study of single free-
head piles embedded in Auckland residual clay. Four hollow steel pipe piles, each with an 
outside diameter of 273 mm and wall thickness of 9.3 mm were installed at a site in 
Pinehill, Auckland. A series of dynamic tests ranging from low excitation (using an 
instrumented impact hammer and a low-mass loading of an eccentric mass shaker) to high 
dynamically-induced force from the eccentric mass shaker was performed during the 
spring and early summer after the winter wet weather, so that the soil can be assumed to 
be saturated to the ground surface. Results from low amplitude dynamic tests indicated a 
reduction in the natural frequency of the system from 9.6 Hz to 8.2 Hz after experiencing 
a higher level of forcing amplitude. This reduction in natural frequency demonstrated the 
non-linear response of the pile-soil system that was caused by the strain softening of the 
soil and the formation of a gap between the pile shaft and the surrounding soil. 

1 INTRODUCTION 

Piles are used to support structures in a variety of situations by transmitting actions applied at the pile 
head to the material beneath the ground surface capable of providing the required resistance. The 
behaviour of single piles under lateral loading is important for foundations that provide resistance 
against earthquake, wind and wave loading. In all three cases, dynamic effects are significant, 
particularly with regard to the development of the damping component of the pile resistance. 
Earthquake loading differs from the other loads in that the primary excitation comes from the ground 
below the pile. It is possible to consider the response of a pile to earthquake excitation into two parts, 
kinematic interaction and the inertial interaction. Kinematic interaction deals with the flexing of the 
pile shaft in the ground as the earthquake wave travels upwards. Inertial interaction models the 
response of the pile head to actions generated by the inertial response of the structural mass attached to 
the pile head. The analysis of this inertial pile response to earthquake excitation is essentially the same 
as that required for the pile response to wind loading and wave loading. The primary purpose of the 
pile testing discussed herein is to measure the inertial response of piles in Auckland soils and to 
investigate how the lateral stiffness decreases with increasing pile head excitation. 

In this paper, the main tool used for analysis of the response of the pile is the elastic continuum model 
(ECM), which assumes a long elastic pile embedded in an elastic continuum (Gazetas 1991). (This ap-
proach is complementary to the other common pile-soil interaction model – a bed of independent elas-
tic springs. The main difference is that the bed-of-springs model ignores any continuity in the soil. 
This assumption is known to be adequate when the pile is “flexible”). The ECM model has the advan-
tage that it has been extended to enable nonlinear behaviour of the soil around the pile to be modelled 
(Davies and Budhu, 1986).  

Site investigation in this research measured the small strain stiffness of the soil using wave activated 
stiffness (WAK) tests (Briaud and Lepert, 1990), seismic cone penetration tests (SCPT), and low level 
response of the pile generated by hammer blows and also by excitation from an eccentric mass shaker 
(Anco Engineers MK-140-10-50) with small masses attached. All these methods indicated a consistent 
value of the small strain stiffness of the soil. The approach taken to interpret the field response is to es-
timate the factor by which the small strain stiffness factor of the soil needs to be reduced to give the 
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correct “operational” stiffness for the cyclic loading loops. In other words, this approach will evaluate 
the response of the pile using the design methodology similar to that outlined in Table 4.1 of EC8 part 
5 (BS EN 1998-5). The experimental and analytical stiffness was also in comparison to the stiffness 
derived from the static load-deflection tests. 

2 FIELD TESTING PROGRAM 

2.1 Descriptions of site and piles 

The test site is located at Pinehill, Auckland. The material at the site was classified as Auckland clay, a 
product of in situ weathering of the Waitemata group sandstones and siltstones. CPT tests recorded an 
average cone penetration resistance of about 2 MPa with a friction ratio of 1.5% to 8%. The shear-
wave velocity recorded from SCPT was approximately 160 m/s and fairly constant with depth. The 
soil shear strength (su) value of 100 kPa was obtained from CPT conducted. A simple representation of 
the CPT soil profile can be estimated from Figure 1. 
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Figure 1 Results of field investigations from the CPT data 

 
Figure 2 Details of pile properties 

Four steel pipe piles (referred to as Piles 1 – 4) were driven closed-ended to a depth of 7.0 m. The 
piles have an outside diameter of 273 mm and length of 7.5 m. The piles had a wall thickness of 
9.3 mm and yield moment of approximately 180 kNm, allowing the piles to be loaded repeatedly to 
relatively large displacements without yielding the piles. Details of pile properties are shown in Figure 
2. Piles 1 and 4 were instrumented with ten pairs of waterproof strain gauges along the length of the 
pile to a depth of 7.0 m, in order to measure flexural strains and moments during loading. Two of the 
strain gauges were located above the ground surface and were used to estimate the applied actions at 
the pile head. A steel angle was tack-welded to each side of the pile to protect the strain gauges and 
lead wires during driving. On the other hand, Piles 2 and 3 were instrumented with two pairs of strain 
gauges attached at 0.4 m and 0.6 m above the ground. Bending moments were computed from the 
difference in strains between gauges on opposite sides. In this paper, only the results from Pile 1 

Strain Gauges 
Welded Steel 

OD = 273.1 mm, 
WT = 9.27 mm, 
EpIp = 1.339   104 kNm2 
My = 180 kNm 
Closed-Ended Steel Pipe Pile 
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(static and cyclic loading) and Pile 2 (dynamic loading) were presented and discussed. 

2.2 External instrumentation 

A total of four accelerometers with a maximum range of ±10g and two direct current displacement 
transducers (DCDTs) were used throughout the tests to measure accelerations generated by the shaker 
and absolute deflections (static and dynamic tests) at the pile head. For dynamic tests, two 
accelerometers were mounted on top of the shaker plate and the remaining two accelerometers were 
attached to the pile shaft to capture the mode of excitation. For static tests, the loads were measured by 
a load cell with 250 kN capacity. 

2.3 Data-acquisition system 

All the response signals produced during the testing 
were accomplished using the NZNEES data 
acquisition system. This system used LabVIEW 8.6 
and is controlled using a laptop. All the test data was 
archived locally and uploaded onto the NZNEES data 
turbine server where it can be reviewed over the Kiwi 
Advanced Research & Education Network (KAREN). 
Additionally, video and numeric data were streamed 
back live to the NZNEES facilities via a satellite 
connection. For the dynamic testing, the system 
recorded each channel with a sample rate of 200 
readings per second. For static tests, the system was 
typically set to monitor and record all channels with a  Figure 3 NZNEES data acquisition system 
sample rate of 10 readings per second. Power to this recording system was provided by a 100 KVA 
(80 KW) diesel generator. Mathcad11® (PTC 2007) software was generally used for data presentation 
and the analysis of test data. 

2.4 Dynamic loading of single pile 

Custom-made steel brackets were clamped to the top of the tested piles and the eccentric mass shaker 
was mounted onto the bracket to provide harmonic lateral excitation as shown in Figure 4. The force 
amplitude was varied by changing the amount of eccentric masses connected to the dual-arms of the 
shaker. The total above-ground mass was estimated to be approximately 600 kg, excluding any 
eccentric mass and the centre of mass was estimated at 1.4 m above the ground surface. The dynamic 
tests were conducted during the spring and early summer after the winter wet weather, so that the soil 
can be assumed to be saturated to the ground surface. Also, before the tests were started, a depth of 
150 mm of top soil surrounding the pile was carefully removed using a hand spade to provide a flat 
and clear surface for observing pile-soil gap opening. 

2.4.1 Free-vibration tests 

Two free-vibration tests were carried out on Pile 2 by exerting a small displacement and then letting it 
vibrate freely. The single pile head was given a small tap by using an instrumented sledgehammer 
(Dytran model 5803A) before and after the dynamic forced vibration tests. In all cases, the operator 
attempted to use a similar force for the tests. 

2.4.2 Forced-harmonic vibration tests 

The Anco Engineers MK-140-10-50 eccentric mass shaker was used to generate steady-state lateral 
force excitation to the pile head. Five series of forced-harmonic vibration tests were conducted on Pile 
2 with different levels of mass loading, ranging from an eccentric of 1-mass (32 kg of additional  mass 
attached to the flywheels) up to 8-mass (256 kg) loading with a frequency range of 0.5 Hz to 6 Hz was 
applied. The force amplitude was varied up to 30 kN at higher frequencies by changing the number of 
masses inside the shaking machine. All the tests were performed at a constant rate with each frequency 
step lasting approximately for 30 sec. Loading tests without the addition of eccentric masses (zero-
mass) were carried out before and after the five series of loading at a frequency range from 1 Hz to 15 
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Hz to determine the change in natural frequency of the pile-soil system due to non-linear soil 
behaviour. From these vibration records, the frequency and the corresponding vibration amplitudes 
were calculated. 

 
Figure 4 Dynamic tests setup for single pile 

2.5 Static loading of single pile 

Piles 1 and 2 were tested statically three weeks after Pile 2 had been tested dynamically. Such a time 
interval between tests was adopted to allow the gap which develops between Pile 2 and the 
surrounding soil to recover (M.Sa’don et al., 2009b). A hydraulic ram and load cell was mounted 
between the two piles, each of which was instrumented so that two sets of load-deformation data were 
obtained. The test arrangement is shown in Figure 5. The pile was initially loaded to a deflection of 5 
mm to check the instrumentation. Then, the pile was loaded cyclically to target displacement of 5, 10 
and 15 mm. Finally, incremental loads up to 125 kN were applied to define the pile head load-versus-
displacement response for static loading. 

For the unload-reload tests, once the target deflection for the first cycle was reached, the load was 
maintained at that level for approximately 5 min. Then, the load was fully released and reloaded 
cyclically up to the target displacement for a total of 15 cycles. Gap formation between the soil and 
pile was measured after each target displacement was reached. Gap was measured by inserting a piece 
of a flexible ruler into the gap as deep as possible without disturbing the soil. A static test typically 
lasted for 1.5 to 2 hrs. 

 
Figure 5 Static tests setup 
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3 ELASTIC CONTINUUM MODEL FOR PILE-SOIL SYSTEM 

The elastic continuum model (ECM) was proposed by Mindlin (1936) and developed to account for 
the continuity of the soil mass. This model is based on the Young’s modulus of the soil, Es. Due to the 
similarity between the beam problem and the pile problem, these solutions were later adapted by 
Poulos (1971a, b) to investigate the response of a laterally loaded pile. The calculations for dynamic 
and static responses of a single laterally loaded pile embedded in Auckland residual clay was done by 
considering an average soil shear strength (su) of 100 kPa, which was obtained from CPT tests 
conducted. The shear modulus of the soil (Gs) was taken as 40 MPa, which was obtained from WAK 
tests. The piles were assumed to be vertical with a constant circular cross-section and embedded in a 
homogeneous soil layer with a constant Young’s modulus with depth. By assuming fully saturated 
condition, a Poisson’s ratio of 0.5 was used to determine the initial value of Young’s modulus of the 
soil (Es = 3Gs). This initial value of Es was then multiplied by a factor of 0.35 to allow for the 
cumulative effects of pile-soil separation and change in the soil properties due to dynamic loading. 
Details and further examples are presented elsewhere (Pender, 1993 and M.Sa’don et al. 2009a; 
2009b). 

4 RESULTS AND DISCUSSION FOR SINGLE PILES 

4.1 Dynamic response 

4.1.1 Natural frequencies 

An ECM was initially developed to predict the natural frequency of the pile-soil system. It is impor-
tant to estimate the frequency range of interest that needs to be applied on the actual dynamic forced 
vibration tests of a single pile. The computed natural frequency is presented in Table 1. In general, it 
can be seen that the predicted natural frequency obtained was quite close to the natural frequency ob-
tained from the free-vibration and forced-harmonic vibration tests. 

Table 1 Measured and computed natural frequencies. 

Approach Natural Frequency, (fn) Hz 
Elastic Continuum Model 1 10.64Hz 
Free Vibration – Initial 10.45Hz 
Zero Mass Loading 1 9.60Hz 
Eight-Mass Loading 2 – 
Zero Mass Loading 3 8.20Hz 
Free Vibration – Final 8.88Hz 
Elastic Continuum Model 2 8.00Hz 

 

  
Figure 6 Gap measured after dynamic tests Figure 7 Transverse crack on the surface 
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Table 1 also provides the natural frequencies for the single pile-soil system obtained from free and 
forced-harmonic vibration tests. The natural frequency of 9.6 Hz determined from the first forced-
harmonic vibration test (known as zero-mass loading) decreased to 8.2 Hz during the third forced-
harmonic vibration test conducted at the same level of zero-mass loading and after experiencing a 8-
mass (256 kg) eccentric loading. The reduction in the natural frequency from 10.4 Hz to 8.8 Hz was 
evident between the initial and final free-vibration tests. The reduction in natural frequency may be 
due to the formation of a gap at the pile-soil interface approximately 8 mm wide measured at the end 
of the test, as shown in Figure 6. In addition, Figure 7 shows the transverse crack observed after high 
magnitude of shaking that opened perpendicular to the direction of loading. 

4.1.2 Pile head response 

Figure 8(a) compares load-displacement loop for 1-mass loading to 8-mass eccentric loading. The soil 
was still in a linear state up to 4-mass loading. Then, the loops move to non-linear behaviour due to 
the high magnitude of dynamic forces applied to the pile. This behaviour indicates the degradation in 
soil stiffness and strain softening. 
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Figure 8 Dynamic pile head load-pile shaft displacement loop for Pile 2 
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Figure 8(b) shows the pile head response of two high levels of forced vibration tests. The ‘Gs = 40 
MPa’ line that represents the initial soil condition under small strain stiffness is also included and was 
calculated based on application of the ECM with linear equations. Another calculation was performed 
with ‘Gs = 14 MPa’ for a gap depth of 0.6 m. This value was determined by multiplying a factor of 
0.35 to represent the degraded soil stiffness due to the gap development after strong shaking. There is 
good agreement between the computed values and experimental results for the range of steady state 
dynamic response with the soil stiffness shown to reduce by about 2.8 times due to the non-linear soils 
response. 

4.1.3 Pile head stiffness 
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Figure 9 illustrates the stiffness (K) 
values obtained from forced-harmonic 
vibration tests from 1Hz to 6Hz. This 
figure shows the stiffness recorded 
decreases from for 1-mass loading up to 
8-mass loading. These stiffness 
reductions may be due to cyclic 
degradation caused by the development 
of the gap between the pile and 
surrounding soil during forced-
harmonic vibration tests. Intuitively, the 
stiffness of the first test (1-mass 
loading) is expected to be larger 
because the soil was essentially 
undisturbed when in comparison to the 
latter tests at the same frequency. Figure 9 Stiffness from forced-harmonic vibration tests 

4.2 Static response 

4.2.1 Load-displacement response 
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Figure 10 Load-displacement curve time-history for Pile1 

Figure 10 shows the complete time-histories of load versus displacement curves achieved at the three 
different target displacements. Although the load was entirely removed after each cycle was 
completed, the pile did not return to its original displacement position. This was not due to yielding of 
the pile since the loads applied were below the yield strength of the steel, but, mainly due to the caving 
of the soil behind the pile into the gap (Figure 11) as the pile was pulled backward. 
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This prevented the pile from returning to its 
original zero displacement position after the load 
was released. Also, the pile head load shows a 
reduction of approximately 14% between the 1st 
cycle and 15th cycle for the three target 
displacements. 

The comparison of the results obtained from the 
cyclic and static tests is shown in Figure 12, 
together with the analysis results performed to 
predict the pile head load-displacement curve. The 
analyses were based on the non-linear equations 
developed by Davies and Budhu to extend the 
predictions of the ECM method (M.Sa’don et al., 
2009a). Figure 11 Gap measured after static tests 

The first ECM non-linear equation line was plotted by taking the shear modulus of the soil (Gs) as 
40MPa (initial state) while the second line had a Gs of 14MPa (degraded in soil stiffness after gap 
development, as shown in Figure 11). There is a good agreement between the experimental and 
computed values of the pile head load- displacement curve for the range of static loads applied. Also, 
the soil stiffness obtained from static tests reduced by about 2.8 times and this agrees very well with 
dynamic tests. 
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Figure 12 Comparison between the experimental and computed load-displacement response 

5 CONCLUSIONS 

This paper briefly described the primary stages of an experimental study on the behaviour of full-scale 
single piles in Auckland residual clay subjected to dynamic and static lateral loadings. Based on the 
results, the following conclusions were obtained. 
  The elastic continuum model provided a good estimate of natural frequencies when in comparison 

to the low-level forced vibration and free vibration results. 
  After experiencing higher force amplitude from several cycles, a considerable strain softening of 

the load-deflection curve and large pile-soil gap formation were observed. 
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  For the three target displacements, a 14% load reduction was observed between the 1st and 15th cy-
cle. 

  The good agreement with the results of full-scale tests suggested that the elastic continuum model 
was an accurate approach to the analysis of a laterally loaded pile problem. 
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